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1.1 Supramolecular Chemistry 
"Beyond molecular chemistry based on the covalent bond lies supramolecu­
lar chemistry based on molecular interactions and the intermolecular bond." 
This formulation by J.-M. Lehn1 embodies the motivation for several research 
groups in the world to design and synthesize molecular systems that are able to 
perform certain tasks and functions. The principle is schematically shown in 
Figure 1.1. A receptor can be constructed by linking atoms with strong covalent 
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Figure 1.1. From molecular to supramolecular chemistry, according to Lehn.1 
bonds via conventional organic synthesis. This receptor can subsequently interact 
with a substrate molecule by means of weaker non-covalent interactions such as 
hydrogen bonding and van der Waals interactions. These interactions are not 
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restricted to receptor-substrate combinations and, in general, this concept can be 
extrapolated to all kind of molecules. A molecular architect can use molecules as 
building blocks and combine them to construct "supermolecules" with special 
properties, and systems that can perform certain tasks. 
The interaction between substrate and receptor (or other molecule) under-
lies the basic concepts of the supramolecular chemistry which also covers the 
field of the 'Host Guest Chemistry', a term introduced by D. J. Cram.2 The 
discovery by Pedersen that cyclic polyethers can form strong complexes with 
metal ions3 has led to this new field of research. This area of investigation began 
with the complexation of simple positively charged species (alkali metal and 
ammonium cations) and has gradually extended to the development of advanced 
molecular receptors and supramolecular assemblies. According to Cram a host-
guest relationship involves a complementary stereo-electronic arrangement,4 
host guest host guest complex 
Figure 1.2. The combination of a host with converging binding sites and a guest with 
diverging sites results in the formation of a host-guest complex. 
schematically represented in Figure 1.2. The strength and selectivity of the inter-
action depends in large part on the extent of alignment of the binding sites of the 
host and the guest. This can be achieved by an advanced three dimensional 
design and synthesis of the receptor molecule, usually referred to as Cram's 
principle of preorganisation. 
In the last few years the above-mentioned concepts have been applied in re-
search projects in our group on vesicles,5a'b receptor molecules,5c'd materials5e_g 
and catalysis.511 The inspiration for these projects comes from biological processes 
and natural systems. The work presented in this thesis is part of the subdivision 
'supramolecular catalysis', which comprises the design and synthesis of novel 
catalysts modeled upon enzymes. 
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1.2 Synzymes 
Enzymes are the most selective and powerful catalysts that are known. In 
order to develop a supramolecular catalyst that functions according to the princi-
ples of enzymatic catalysis, a host that recognizes and binds a substrate selectively 
and a nearby catalytic center that can convert the bound substrate are required. 
Furthermore, the catalyst should be able to release the formed product and, if 
necessary, be regenerated efficiently. Because of the analogy with enzymes these 
systems are often referred to as "synzymes". In this thesis examples of such 
synzymes are described consisting of a receptor part and a catalytically active 
rhodium complex. 
1.3 Outline of this Thesis 
In Chapter 2 an introduction is given on 'supramolecular chemistry'. It in-
cludes a survey of the latest developments in this field. This chapter also includes 
some relevant information about phosphites and their complexes with rhodium, 
as such complexes form a part of our synzyme system. 
Chapter 3 describes a kinetic study of the catalytic activity of a triphenyl-
phosphite rhodium(I) hydride complex. This complex is used as a reference for 
the synzyme to be discussed in Chapters 4 and 5. 
In Chapter 4 we describe the immobilization of rhodium centers in the 
vicinity of the substrate binding moiety of a receptor derived from diphenylgly-
coluril. To this end the receptor molecule is functionalized with triphenylphos-
phite ligands. The rhodium complexes are attached by a ligand exchange reaction. 
The conformational behavior of these metallohosts in solution is investigated by 
NMR. 
The catalytic activity of this synzyme is described in Chapter 5. The correla-
tion between the rates of hydrogénation and isomerization of alkene substrates 
and their affinities to the binding sites of the synzyme is examined. The systems 
are shown to have certain characteristics of enzymes. 
In Chapter 6 the design and synthesis of chiral receptors derived from 
diphenylglycoluril are described. These receptors are a first step towards the 
development of enantioselective supramolecular catalysts. 
Chapter 7 deals with a variation on the theme of combining cavities and 
metal centers. A rhodium(I) complex is immobilized above another type of con-
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cave molecule, viz. cyclotriveratrylene. The resulting metallocage has interesting 
conformational properties, but does not bind substrate molecules. 
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Literature Survey 
2.1 Recent Developments In Supramolecular Chemistry 
2.2.1 Host-Guest Chemistry 
Molecular hosts with well-defined cavities can be constructed by the proper 
linkage of flexible groups and rigid elements such as aromatic rings. In the design 
of such a molecular host a balance between flexibility and rigidity must be 
attained in order to provide a three dimensional framework with predetermined 
geometric and dynamic features.1 Sites for binding by means of hydrogen bond­
ing, π-π-stacking or van der Waals- or dipolar interactions can be added by the in­
corporation of basic and acidic functionalities, aromatic surfaces or polar centers. 
The design and synthesis of such a host is often a time-consuming process. 
Many groups use preformed concave building blocks in order to achieve a 
well-defined diverging geometry and orientation of the binding sites.2 The num­







Figure 2.1.Ri'gj'<í concave building blocks: Kemp's triacid (a), Tröger's base (b), Kagan's ether 
(c) and diphenylglycoluril (d). 
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been used repeatedly. A well-known molecule is Kemp's triacid3 explored by 
Rebek's group.4 Other concave structural units are Troger's base, used by the 
group of Wilcox5 and the structurally related Kagan's ether of Harmata's6 and 
Stoddart's group.7 Finally, in our group diphenylglycoluril8 has been used as a 
basis for a variety of hosts. 
In the last decade a large number of cavity containing-molecules have been 
developed, which vary strongly in complexity. The first cavities that were synthe­
sized were the relatively straightforward cryptands9 which are constructed from 
only crown ether segments. The synthesis and applications of crown ethers in 
supramolecular chemistry has been extensively reviewed.1 0'1 1 Many host 
molecules currently designed still contain poly(oxy- or aza)-ethylene fragments to 
incorporate basic binding sites.12 
0Me
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Figure 2.2. Diederich's cyclophane (a) and a chiral modification of it (b). 
More complex cavity-containing molecules are the cyclophanes, which are 
macrocyclic compounds consisting of fused aromatic rings. The synthesis of 
cyclophanes and their applications in molecular recognition was recently 
reviewed by Diederich.13 Well-known examples of this class of compounds have 
been developed by the groups of Koga,14 Hamilton,15 Dougherty,16 Wilcox5 and 
Diederich. The macrocycle in Figure 2.2a, for example, is able to bind arenes in 
protic solvents by π-π-interaction.17 This elegant cyclophane was modified for 
selective recognition (Figure 2.2b) and supramolecular catalysis (paragraph 2.3). 
Since the discovery that crown ethers and related molecules can display 
selective binding of certain metal ions l l c several receptors based on crown ethers 
and cyclophanes have also been developed that recognize small organic 
molecules. In most cases these owe their selectivity to the accurate arrangement 
of a series of hydrogen bonding donor and acceptor sites. As many as five differ-
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ent kinds of receptor molecules for urea have been described. An example is 
given in Figure 2.3a.18 Furthermore, receptor molecules for tartaric acid,19 acetyl-
choline,20 amino acids (see Figure 2.3b),21 and nucleotides22 have been reported. 
An important goal is the design and synthesis of enanfioselective receptors. This 
will be introduced in Chapter 6. 
Figure 2.3. A selective receptor for urea (a) and for tryptophane (b). 
Three structurally related and frequently used cyclophanes are the 
cyclotriveratrylenes,23 the calixarenes,24 and the resorcinol-aldehyde cyclo-
oligomers,25 shown in Figure 2.4. 
a b e 
Figure 2.4. Cyclotriveralrylene (a), a calix[4]arene (b), and a resorcinol-aldehyde cyclote-
tranter (c). 
Readily available cavities for supramolecular applications are provided by 
nature: the cyclodextrins. These cyclic donut-shaped oligosaccharides, made in 
variable sizes by certain bacteria, have a hydrophobic cavity and a hydrophilic 
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exterior and can bind various small organic molecules. In fact, because of their 
ready availability they are probably the most studied host molecules.26 
A selection of very sophisticated three dimensional frameworks is given in 
Figure 2.5. Collet and co-workers27 have synthesized a class of compounds, the 
so-called 'cryptophanes' consisting of two fused cyclotriveratrylene subunits 
facing each other's concave side (Figure 2.5a). These compounds were found to 
bind tetrahedral substrates such as chloroform, isobutane and tetramethylam-
monium ions. The binding is explained in terms of Van der Waals interactions 
and cation-π interactions.28 Compounds structurally related to cryptophanes with 
modifications in the linker group have been examined by the group of Cram. 2 9 
Stoddart et al. have assembled a rigid cage compound of [a,d]- and [a,c]- fused six-
membered rings by means of regio-controlled Diels Alder reactions (Figure 
2.5b).30 The very complex 'carcerands' of Cram are built from resorcinol-aldehyde 
tetramers (Fig 2.5c).2 7 '3 1 The empty space in 'molecules with a large cavity'32 can 
be regarded as a new phase, in which unusual processes can occur. The usually 
very unstable cyclobutadiene for example, formed from a photochemical trans­
formation of bound α-pyrone, is, in the cavity of a carcerand, stable even at room 
temperature. 3 3 Many analogues of carcerands have been described and are still 
under investigation.3 4 The cube-shaped cage compound of Murakami et al. is a 
good example of a balance between flexibility and rigidity (Fig 2.5d).35 This 
compound can bind aromatic nonionic and anionic guest molecules, dependent 
on the pH. 
Recently, a new elegant receptor has been reported that can bind amino acid 
residues in peptide chains with very high enantioselectivities (up to 99%) (Figure 
2.5e)36 
A special category of supramolecular chemistry is formed by the metallo-
hosts, consisting of a cavity with a nearby metal center. 3 7 The synthesis and 
design of such compounds is an important approach to supramolecular systems 
that display catalysis analogous to enzymatic activity (section 2.3). Many studies 
have been done on functionalized cyclodextrins and modified porphyrins, both 
to be discussed in section 2.3. Other examples are the vaulted cydidenes reported 
by Busch et ai . 3 8 and the metallocages of Nolte et я/. 3 9 Recently, a porphyrin-
cyclocholate molecular bowl which is a selective binder for morphine has been 
reported by Sanders et al. (Figure 2.5f).40 
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Figure 2.5. Large cage molecules: cryptophane (a), a cyclacene cage (b), carceraria (с), a cube 
shaped cage (d), a peptide receptor (e), and a porphyrin-cyclocholate molecular bowl. 
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A separate field of research has recently focused on a class of compounds 
that is often referred to as 'clefts, tweezers or clips' on account of their morpho-
logical resemblance to these objects. A well-known cleft molecule is that of the 
croup of Rebek (Figure 2.6a) and it is applied for many supramolecular purposes,4 
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:igure 2.6. Rebek's molecular cleft (a) and the tweezers of Zimmerman (b) and of Harmata (c). 
weezers used by the groups of Zimmerman4 1 and Harmata 6 are shown. Several 
eceptors for ionic and neutral guest molecules have been described based on the 
lip molecule shown in Figure 2.7, first reported by Smeets and Nolte . 3 9 c ' 4 2 Also 
he supramolecular catalyst described in this thesis is based on a basket-shaped 
derivative of this building block (Figure 2.7b). 
r° f»i "^ 
> 0«< Τ )=o N^-F I 
a b 
Figure 2.7. Nolte's clip (a) and a basket-shaped derivative of it (b). 
1.2.2 Transport 
The translocation of ions and small molecules across a phase boundary or a 
nembrane is of great importance for many biological processes.43 Transport can 
je achieved by either carrier molecules or by molecular channels that penetrate 
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the phase boundary. Early investigations on synthetic systems that mimic certain 
aspects of these processes were carried out with crown ethers. l l c 
Shinkai and co-workers have developed a carrier that facilitates the trans-
port of K+-ions under photo-controlled conditions.44 To achieve this, they linked 
two crown ether molecules by means of a diaza-functionality that can switch 
between a cis and a frans-configuration under the influence of light. The eis form 
of the carrier has a higher affinity for K+ ions than the trans form. A crown ether-
based ion transporting machine has been described by the group of Dugas. It 
mimics some features of the (Na+,K+)-ATPase pump. The system is able to trans-
port K+ from one side of a membrane to the other side and, at the same time, 
transport Na+ in the opposite direction.45 The selectivity of this mimic, however, 
is low. 
Functionalized calixarenes have been studied as carriers to transport alkali 
metals across bulk liquid membranes.46 Reinhoudt et al. have bridged calixarenes 
with crown ether fragments and have used these molecules as highly selective 
K+-carriers in a supported liquid membrane.47 
Figure 2.8. Schematic representation of cation transport across an artificial membrane by a 
synthetic ion channel based on ß-cyclodextrin. 
Fascinating examples of facilitated ion transport across an artificial mem-
brane by means of synthetic channels have been described in the literature. 
Lehn's 'Bouquet'-molecules, based on cyclodextrins or crown ethers, cause a 
Na + /Li + flow when they are incorporated in a liposome membrane (Figure 2.8).48 
A similar ion-channel has been designed by Fyles and co-workers.49 An interest-
ing ion channel based on a crown ether-substituted isocyanide polymer has been 
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reported by Nolte et al.50 Due to the rigid 4/1 helical structure of the polymer the 
crown ether rings are cofacially stacked and forms 4 channels which run parallel 
to the polymer helix axis. Ion transport studies reveal that this channel molecule 
enhances the permeability of certain artificial membranes for metal ions. 
In the literature carriers for small organic molecules, such as urea,51 
arenes,52 and amino acids53 have also been described. 
2.2.3 Switches and Sensors 
'Responsive hosts'54 are receptor molecules whose binding properties can be 
influenced by means of physical stimuli. For example, a geometrical change can 
occur after the absorption of a photon or as the result of an electrochemical reac-
tion. In principal these molecules have the capability of transducing host-guest 
interactions into a measurable signal and because of this they are currently 
receiving much interest as sensors.44-54-57 The selective detection of heavy metal 
ions with the help of properly substituted calixarenes which are incorporated in a 
CHEMFET has been reported by the group of Reinhoudt.58 In this sensor a host-
guest interaction is transformed into an electrochemical signal. A sensor for NOx 
has been developed by Nolte et al. It is based on semiconducting films of crown 
ether-substituted phtalocyanines.59 
Regulation of binding can be achieved in hosts with multiple binding sites 
which influence each other. The binding process is called 'allosteric' when the 
binding of one substrate is affected by the binding of a second substrate at a 
remote site. When the two sites are equivalent, the allostery is termed 
'cooperativity' (for example in the case of hemoglobin). 'Heterotopic' allostery 
refers to interactions between non-equivalent sites. Recent examples of allosteric 
binding in host molecules have been given by Rebek,60 Schneider,61 Nolte,42d 
and others.62 
2.2.4 Self-assembly 
'Molecular self-assembly is the spontaneous association of molecules under 
equilibrium conditions into stable aggregates, joined by non-covalent bonds, with 
well-defined composition and structure.'63 This definition by Whitesides 
describes a field in supramolecular chemistry which is currently receiving great 
interest. It involves the application of aggregates such as vesicles and multi-layer 
systems,64, liquid crystals,64*1 stacked crown ether phtalocyanines,65 and other 
complex structures with often impressive and beautiful shapes. Lehn has 
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reported on double and triple helices which form spontaneously from tris-
bipyridin ligands and CudHons.6 6 Cram et al. have described the formation of 
large molecular containers, so-called velcrands and velcraplexes, by the spon-
tanous dimerization of hemicarcerand-like molecules.67 Other examples of large 
cavities formed by the assembly of complementary units are given by 
Whitesides63 and Lehn.68 Metal-directed assembly can also produce clefts and 
cavities.69 Lehn70 and Hamilton71 have demonstrated that large ribbons and 
sheets can be constructed from hydrogen bonded self-complementary molecular 
components. 
np-e Ν f η \f° Η 
»J" о й " NH 
Ι Π Ш 
Figure 2.9. The self-replicating system of Rebek. 
An intriguing application of self-assembly is self-replication, pioneered by 
Rebek. The principle is outlined in Figure 2.9. Compound III possesses self-com­
plementarity: it can interact with I as well as with II to bring these components in 
each other's proximity. As a result, the formation of III displays a sigmoidal 
growth.72 The term 'extrabiotic chemistry' was proposed for synthetic systems 
exhibiting such lifelike behavior.72d 
The principles of controlled assembly have also opened routes to synthesize 
'entangled' compounds such as catenands, rotaxanes and molecular knots 
(Figure 2.10a). Sauvage and co-workers have prepared crown ether catenands 
with phenanthroline units.73 The assembly of this molecule was achieved with 
the help of Cu(I)-ions (Figure 2.10b). Similar compounds have been synthesized 
by Stoddart.74 The organizing principles for his catenands and rotaxanes are 
donor-acceptor interactions. 
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Rotaxane ^ r 
a b 
Figure 2.10. Diagrammatic representation of a catenane and a rotaxane (a) 
and a Си-catenate prepared by Sauvage et al. (Ъ). 
2.2 Supramolecular Catalysis 
In this section we will restrict ourselves to supramolecular catalysts that are 
modeled after enzymes. None of the synthetic systems reported to date can 
compete with enzymes with regard to catalytic efficiency and selectivity. 
However, several catalysts are known that display enzymatic features. As 
described in Chapter 1 a supramolecular catalyt very often consists of a cavity-
containing molecule which has been equipped with an organic or inorganic 
catalytic function. Such a molecule may increase the rate of a catalytic conversion 
simply because it binds a substrate and thereby creates a high local reagent 
concentration close to the reactive center. The ultimate objective is to achieve 
selectivity, viz. substrate-, regio-, and stereoselectivity, the latter by controlling 
the orientation of the bound substrate with respect to the catalytic center or to 
another bound substrate. The supramolecular catalysts can be divided into two 
categories: systems without and with a metal center. They will be discussed 
separately below. 
Soon after the discovery that cyclodextrins can form inclusion complexes 
with different types of substrates7 5 these macrocycles were used to construct 
enzyme-like catalysts. Noteworthy is the work by the groups of Bender, Breslow 
and Tabushi . 2 6 ' 7 6 ' 7 7 An interesting example is the ribonuclease model shown in 
Figure 2.11. It is based on an imidazole-functionalized ß-cyclodextrin. This catalyst 
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was found to selectively hydrolyze a cyclic phosphate that is bound in the cavity 
of the cyclodextrin.78 
Several synthetic functionalized macrocycles have been reported that 
accelerate reactions in a supramolecular fashion.13 Most of these examples 
involve fundamental enzyme-mimics such as hydrolases and transesterases with 
catalytic centers, including basic fuctionalities such as imidazole79 and amino80 




Figure 2.11. Ribonuclease-mimic based on ß-cyclodextrin. 
Only a few examples are known of supramolecular catalysts that accelerate 
bimolecular coupling reactions. The synthetic host developed by Kelly et я/.83 has 
two adjacent binding sites and catalyzes the coupling of two simultaneously 
bound guests. The thiazolium-functionalized cyclophane of Diederich84 is a cata­
lyst for the benzoin condensation of two benzaldehyde that are bound in the 
cavity. Recently, Sanders et al. described a trimeric porphyrin host (Figure 2.12a), 
which catalyzes with exo -selectivity a Diels-Alder reaction between two sub­
strates bound in the cavity. The function of the metal centers is to hold the sub­
strates in the proper orientation for reaction.85 
Supramolecular catalysis with metal complexes has been explored to a much 
lesser extent. Again, the first results were achieved with functionalized cyclo-
dextrins.7615'86 A recent example is the Zn(II)-ß-cyclodextrin catalyst of Komiyama 
et alP7 which efficiently catalyzes the cleavage of ribonucleoside cyclic phosphates 
and ribonucleotide dimers. 
Several examples of catalysts based on bridged, capped, and fenced 
porphyrins have been described in the literature.13'37'88 Remarkable regio- and 
stereoselectivity in oxidation reactions have been achieved by Mansuy89a and 
Groves.89b Recently, Coliman et al. described an iron Binap-capped porhyrin 
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Figure 2.12. Two examples of the application of porphyrins in supramolecular chemistry. In the 
host of Sanders (a) the porphyrin has the function of a binding site, whereas in the capped 
porphyrin of Coliman (b) it acts as the catalytic center. 
(Figure 2.12b) which catalyzes the epoxidation of allylnaphtalene with iodosyl-
benzene as the oxidant.90 The e.e. of this reaction amounted to 63%. The 
'supramolecularity' of these examples, however, is rather disputable as no host-
guest interactions have been shown to be present. 
Figure 2.13. Synthetic model of the enzyme cytochrome P-450 (a) and a catalytically active 
vaulted cyclidene (b). 
Literature Survey 17 
Diederich combined a cyclophane host and a porphyrin catalyst to give a 
Cytochrome P-450 mimic which oxidizes aromatic substrates (Figure 2.13a).91 It 
was proposed that these substrates bind in the cavity of the host before reaction 
takes place. 
Recently, two examples of non-porphyrin supramolecular catalysts have 
been reported in the literature. The first one is a Ba(II) complex of a crown ether-
functionalized calixarene which was shown to be an efficient catalyst for the 
methanolysis of p-nitrophenyl acetate. Hardly any reactivity was observed in the 
absence of Ba(II)-ions.92 The second example is the vaulted Fe-cyclidene complex 
of Busch (Figure 2.13b) which was found to oxidize an array of organic substrates 
in the presence of oxidizing agents. However, only in the case of the H202-as-
sisted oxidation of toluene in aqueous solution were some observations made 
that were indicative of substrate conversion inside the cavity. For instance it was 
found that the ratio of aromatic vs. methyl hydroxylation increased with cavity 
size.93 
2.3 Phosphite Uganda 
Phosphorus belongs to Group V of the periodic table of the elements. Its 
electronic structure is I s 2 2s2 2p 6 3s2 Зр 3. Therefore, it can be formally trivalent or 
pentavalent, using only three, or all five electrons in the outer M shell to form 
shared electron pairs with other atoms. However, phosphorus is geometrically 
very 'flexible' because the promotional energy 3s-»3d is small enough to allow 
the vacant d orbitale to participate in bonding and to form hybridized orbitale 
which have special spatial orientations. The nomenclature of the oxygen com­
pounds based on a single tri- and pentavalent phosphorus atom is given in 
Scheme 2.1. The names of the esters of the corresponding acids are given in 
brackets. Depending on the substituents tautomeric equilibria exist between the 
compounds connected by arrows.9 4 
In a broad sense the coordination of a ligand to a metal center can be under­
stood in terms of Lewis acid-base interactions, the metal being the acid and the 
ligand, the base. In the case of trivalent phosphorus compounds two electrons 
can be donated to a metal center, forming a σ-bond. In addition to acting as a σ-
bond donor, phosphorus also has the capacity to act as a π-bond acceptor, when 
the vacant 3d orbitale interact with the non-bonding d-orbitals of the transition 
metal (Figure 2.14)95. 




































The basicity of the P-lone pair can be influenced by several factors. Tolman 
introduced electronic and steric parameters,96 which describe the binding proper­
ties of a phosphorus ligand in terms of the electronegativity of the substituents, 
and the R-P-R-angle between the substituents and the P-atom, the so-called cone-
angle. Increasing the size of the substituents on the phosphorus atom will tend to 
increase the basicity of the lone pair. In phosphites this effect is less pronounced 
Figure 2.14. The principie of donation and back-donation in the coordination of 
phosphorus to a transition metal. The P- atom donates its free electron pair to the metal 
center and accepts electron density by interaction of its vacant d-orbitals with the non-
bonding d-orbitals of the metal, forming a π-bond. 
than in phosphines, because the oxygens provide enough flexibility to reduce the 
strain caused by the substituents. Additionally, the electronegativity of the oxygen 
atoms deminish the donating ability of phosphites. However, because of this elec­
tron-withdrawing effect the atomic orbitals are compressed, causing the vacant d-
orbitals to be more accessible for it-back donation. In general, one can say that 
phosphites coordinate stronger and exchange slower than the corresponding 
phosphines. 
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The most common synthesis of phosphites is the reaction of a phosphorus 
halide with an alcohol in the presence of a base. In principle, all phosphites can 
be thermally isomerized to phosphonates. The stability of the former compounds 
varies greatly depending on the nature of the substituents. Under mildly acidic or 
alkaline conditions phosphite triesters hydrolyze to dialkyl phosphonates and in 
the presence of alcohols they are vulnerable to transesterification.97 
A very powerful tool in the study of phosphorus compounds and their 
complexes with transition metals is 3 1 P NMR. 9 8 3 1Phosphorus has a spin 1 = 2, its 
natural abundance is 100%, and the relative sensitivity with respect to that of lH 
is 6.6310"2. Many transition metals have a netto spin and the coupling constants 
in combination with the chemical shift values give an enormous amount of 
information about the reactivity of the metal-phosphorus complexes and the 
coordination sphere of the metal centers. 
2.4 Rhodium Triorganylphosphlte Complexes 
Rhodium-p/iosp/rine chemistry is one of the most studied fields of research 
in coordination and organometallic chemistry. A much smaller number of 
phosphite rhodium complexes have been studied. The first rhodium-phosphite 
complexes, viz. [RhL2(CO)Cl] and [Rhl^Cl] (L = phosphite) were reported by 
Vallarino in 19579 9 and were obtained by a ligand exchange reaction on the 
dimeric complex [Ш\2(СО)4СІ2]. Similar reactions on other chloro-bridged Rh-
dimers were carried out and examined by Haines 1 0 0 and others. 1 0 1 The hydride 
complex HRh[P(OPh)3l4, which plays a central role in this thesis, was described in 
1968 by Robinson. 1 0 2 In fact, it is the most examined Rh-phosphite complex to 
date, and its chemistry will be comprehensively discussed in Chapter 3. 
A well-known reaction of transition metal complexes containing triphenyl-
phosphite ligands is the orthometallation reaction. 1 0 3 In this reaction an ortho 
aromatic C-Η bond is activated and oxidatively added to the metal center in an 
intramolecular fashion, resulting in a five-membered metallacycle. For rhodium 
this reaction was first reported by Barefield and Parshall.1 0 4 
The synthesis of four- and five-coordinated cationic Rh-phosphite 
complexes and their reactivity toward oxidative addition reactions has been 
discussed by Haines . 1 0 5 Muetterties et al. have described hydrogen-bridged 
rhodium phosphite clusters. Some of these clusters are powerful hydrogénation 
catalysts.106 The group of Ziolkowski prepared many rhodium-phosphite com-
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plexes starting from dicarbonyl-diketonate complexes.107 They also investigated 
the ortho-metallating ability of HRh[P(OPh>3]4. Their sometimes questionable 
interpretations will come up for discussion in Chapter 3. 
2.5 Hydrogénation, Isomerization and Hydroformylation Catalyzed by 
Rhodium Triorganylphosphite Complexes 
The hydrogénation, isomerization, and hydroformylation reaction of 
alkenes are important reactions in industry. The result of these processes is given 
in Scheme 2.II. 
H x
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The catalytic hydrogénation of olefins by rhodium(I)-phosphine complexes 
is one of the most extensively examined reactions in homogeneous catalysis.108 
To date only three hydrogénation catalysts based on phosphites have been 
reported. These include the clusters of Muetterties,106 mentioned in the previous 
section, which have proven to be very efficient hydrogénation catalysts with 
turn-over numbers up to 2 s_1. Muetterties' group has also described a hydrogéna-
tion catalyst for aromatic hydrocarbons. This catalyst is prepared from a cobalt 
phosphite precursor complex.1060'109 Finally, a cobalt catalyst which is structurally 
related to HRh[P(OPh)3]4 has been reported by Gosser.110 The mechanistic aspects 
of the hydrogénation reaction of alkenes will be further introduced in Chapter 3. 
The hydroformylation of alkenes, or oxo reaction, produces linear and 
branched aldehydes. The first rhodium-phosphite catalyzed hydroformylation 
Scheme 2.11 
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was carried out by Pruett and Smith.1 1 1 They proposed that the carbonyl hydride 
HRh(CO)[P(OPh)3l3 is the active catalyst. Van Leeuwen et al. have used rhodium 
carbonylhydride complexes with 'bulky' phosphite ligands to increase the rate in 
the hydroformylation reaction.112 Also Ziolkowski and co-workers have modi­
fied rhodium carbonyl hydride complexes. Their objective was to obtain 
selectivity.113 
As can be seen in Scheme 2.II in all three reactions a chiral center is intro­
duced if one begins with a prochiral alkene. In addition, the hydroformylation 
reaction produces regio-isomers. It is, of course, a challenging objective to 
develop catalytic systems that display selectivity in these reactions. 
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HRh[P(OPh)3]4 as a Hydrogénation and 
Isomerization Catalyst 
3.1 Introduction 
The hydrogénation of alkenes by rhodium(I)-phosphine complexes is one of 
the most extensively examined reactions in homogeneous catalysis.1 It involves 
the formation of a metal hydride by activation of molecular hydrogen, the migra-
tory insertion of the hydride to a coordinated alkene and the hydrogenolysis of 
the metal alkyl species.2 The sequence in which these processes take place are de-
fined by the type of catalyst and the properties of the residual ligands on the metal 
center. The first step in the hydrogénation with the well known 'Wilkinson'-
catalyst [ClRhiPPhsb] is the oxidative addition of molecular hydrogen to a coor-
dinatively unsaturated complex. This step is followed by the coordination and 
the insertion of the alkene and finally the hydrogenolysis of the metal alkyl 
species.3 Because of this sequence this mechanism is often referred to as the 
hydride path. In contrast with this route, the hydrogénation with ionic catalysts 
of the type [(solvent)2Rh(PR3)2l+ dominantly involves a so-called alkene path. 
The first step is the coordination of an alkene to a free site on the metal center, 
followed by oxidative addition of H2, insertion, and reductive elimination.30'4 
Both catalyst are classified as 'dihydride hydrogénation catalysts'. The way by 
which monohydride catalysts such as [гШЬ(СО)(РР1із)з] activate dihydrogen is 
much less understood, although in the consecutive reactions the same elemen­
tary steps are involved.5 
Metal complexes of triorganylphosphites are generally supposed to be ineffi­
cient hydrogénation catalysts, by reason of the putative high π-acidity of the 
phosphite ligands. However, no detailed discussions have been presented in the 
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literature which endorse and explain this assumption. To our knowledge only 
three hydrogénation catalysts based on phosphites have been reported.6-7 
In this chapter we report on the spectroscopic features and catalytic proper-
ties of [HRh[P(OPh)3]4] (1). In Chapters 4 and 5 we will describe how this complex 
can be coupled to a substrate binding cavity to serve as a catalytic center in a 
supramolecular catalyst. In order to obtain more detailed information about the 
functioning of this catalyst we carried out a study on the reference compound 
[HRh[P(OPh>3]4] as a hydrogénation and isomerization catalyst for 1-hexene and 
allylbenzene. We will also present an alternative synthetic route for 1. Although 
complex 1 appears not to be a versatile hydrogénation catalyst, details about its 
functioning can give further insight in the electronic influences of phosphites as 
ligands. 
3.2 Synthesis of HRh[P(OPh)3]4 
The preparation of complex 1 has been described in the literature. It 
involves the reaction of [НЮі(СО)(РРІ\з)з] with an excess of triphenylphosphite.8 
Recently, an alternative route was reported starting from [(acac)Rh(CO>2] and 
Р(ОРЬ)з·9 Both routes are based on rhodium(I) complexes. We synthesized 
[HRh[P(OPh>3]4] directly from rhodium(III) chloride and triphenylphosphite with 
NaBH4 in ethanolic solution, analogous to the preparation of [НСо[Р(ОРЬ)з)4І 
and [Ni[P(OPh)3]4].8b To avoid transesterification of the phosphite ligands the 
reaction mixture was kept at 0° С Once coordinated to a metal center the triphe­
nylphosphite is protected against solvolysis.10 
3.3 Reactions of HRh[P(OPh)3]4 in Solution 
Since the first report of compound 1 in the literature many contradicting 
statements about its reactions in solution have been published.9-11 Comparison 
of the various reports, combined with our own observations, encourages us to 
summarize the reactions of 1 as shown in Scheme 3.1. 
As can be seen in this scheme the ability to undergo orthometallation 1 2 is 
an important feature of 1 in solution. In this process an ortho aromatic C-Η bond 
is activated and oxidatively added to the rhodium center in an intramolecular 
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fashion, resulting in a five-membered metallacycle. The first sequence of reac-





These reactions explain the observed deuterium exchange of the ortho hydrogen 
atoms of the triphenylphosphite ligands. We found that after stirring a solution 
of 1 in CHCI3 for 2 hours under 5 bar of D2, complete exchange was achieved, 
resulting in [DRh{P[0(2,5-D2C6H3)]3}4], as was confirmed by J H NMR- and 3 1P 
NMR-spectroscopy. The addition of an excess of free phosphite reduces the rate of 
this process substantially, inhibiting the dissociation of a ligand from 1. 
Reaction of 2 with hydrochloric acid gives tris(triphenylphosphite) 
rhodium(I) chloride (4). This reaction involves the electrophilic attack of a proton 
on the rhodium center followed by a reductive elimination which corresponds to 
the reverse of the metallation reaction. 
Compound 5 was described in the literature long ago. l l a ' 1 3 Reaction of this 
compound with molecular hydrogen under influence of a base leads to the start-
ing complex l . l l a As mentioned in the section 3.2 1 can be synthesized from 
[(acac)Rh(CO)2l (7) and triphenylphosphite.9 The observation in the literature that 
5 is formed in solution when 7 is treated with an excess of P(OPh>3llf makes us to 
believe that the synthesis of 1 from 7 actually proceeds via 5, the dissociated ace-
tylacetonate anion probably acting as the base. Complex 5 can dissociate to form 
complex 6. l l a ' e We suggest that also 6 has the ability to undergo orthometallation 
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to form 2 after deprotonation. This could explain the formation of 2 from 7 and 
P(OPh>3 in the absence of Нг.1 1 с 
With regard to the synthesis and characterization of complexes 2 and 3 con­
flicting reports exist concerning the number of residual phosphite ligands on the 
rhodium center. It is reported that 3 is formed by refluxing 1 or [HRh(CO)(PPh>3] 
with Р(ОРЬ)з in n-heptane. l lb<14 According to Parshall 2 is prepared by reacting 
[ClRh{P(OPh)3b] (4) with PhMgBr, followed by the spontaneous reductive elimi­
nation of benzene.113 We reexamined these different literature procedures for 2 
and 3 and submitted the products to a closer analysis. As it is known that the 
elimination of methane is a much faster process15 we used MeMgCl instead of 
PhMgBr in the last mentioned reaction. The main product from both syntheses 
could be identified as 3, according to the 3 1 P NMR spectrum in C¿O¿ and infrared 
J— 
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Figure 3.1. The proposed structure and the 31РІгН) NMR spectrum in Q D 6 (160 MHz) of 
compound 3. The signals marked with an asterisk are due to impurities. 
spectroscopy. The infrared spectra of both reaction products revealed the charac­
teristic signals at ν = 800 cm-1 and 1010 cm-1, assigned to the orthometallated 
complexes.11 The 3 1 P NMR spectrum is shown in Figure 3.1 and was simulated16 
to satisfy an ABC2X pattern (А, В, С = 3 1 P, X = ^ R h ) with δ(Α) = 151.6 (jRh-P(A) = 
236 Hz, Jp(A)-P(B) = 78 Hz, Jp(AM4C) = -314 Hz), δ(Β) = 126.3 (jRh-P(B) = 159 Hz, 
JP(B)-P(C) = 71 Hz) and 5(C) = 115.3 (jRh-P(C) = 236 Hz). Other combinations of rela­
tive signs of the coupling constants also gave fairly good fits, but Jp(A)-P(C) a n d 
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ІР(В)-Р(С) must have opposite relative signs. Based on these data we assign a tri­
gonal bipyrimidal structure to the complex as is shown in Figure 3.1. A similar 
structure was proposed for the corresponding cobalt analogon.7a The phosphorus 
atom involved in the five-membered metallacycle (Рд) displays the expected shift 
of approx. 35 ppm to lower field with regard to the other phosphorus ligands in 
the equatorial plane.17 Remarkable is the strong mutual coupling between the P-
atoms in this plane (314 Hz). From these results it can be concluded that com­
pound 2 can not be prepared by way of these reaction procedures. 
A tetrahedral arrangement of the phosphites around the rhodium center in 
1 has been proposed in the literature, similar to that of [НСо[Р(ОРЬ)зІ4], 
[HNi[P(OPh)3]4] and [Pt[P(OPh)3]4]. The hydride is positioned along one of the 
trigonal axes. However, in the 3 1PpH} NMR-spectrum of a solution of 1 in CDCI3 
only one sharp doublet at δ = 127.7 (jRh-p = 229 Hz) is observed (Figure 3.2a). This 
single resonance cannot be an average signal as the result of fluxionality of the 
1 
- 1 Γ­
ι 30 125 
δ 
-10.6 -11.0 -11.4 
Figure 3.2. The 80 MHz 31РІгН1 NMR spectrum (a) and the high field 
region of the 200 MHz 1H NMR spectrum (b) of HRh[P(OPh)3k (1) in CDCI3. 
The signal marked with an asterisk is due to free РЮРЮ3. 
phosphite ligands, because the hydride signal in the high field region of the *H 
NMR-spectrum of 1 in CDCI3 is displayed as a well-defined doublet of quintets at 
δ = -11.0 (JH-P = 44 Hz, JH-Rh = 7 Hz) (Figure 3.2b). Moreover, no broadening of the 
3 1 P NMR-signal is visible over a large temperature range. The 'virtual' 
equivalence of the phosphites can be understood in terms of a strong mutual 
32 Chapter 3 
coupling of the phosphorus atoms via the rhodium center. Interestingly, the 
hydride signal of the corresponding phosphine complex НШі(РРЬз)4 is strongly 
broadened and displays no fine structure, which is attributed to rapid ligand 
exchange.18 
3.4 Catalytic Hydrogénation and Isomerizatlon 
3.4.1 Results 
To examine the behavior of 1 as a hydrogénation and isomerization catalyst 
we used 1-hexene and allylbenzene as the substrates in chloroform solution and 
varied the hydrogen pressure (0.2, 1.0, 5.0 or 10.0 atm partial pressure, see experi-
mental section) and the concentration of triphenylphosphite (0, 1 or 3 extra added 
equivalents). The concentration of the catalyst was 1.5 mM and the substrate to 
metal ratio was 2000 : 1. The progress of the reaction was followed by GC. 
The catalyst displayed a totally different reactivity after adding extra triphe-
nylphosphite and behaved differently towards the two substrates. The formation 
of the hydrogenated products versus time for the different situations is depicted 
in Figure 3.3 and the observations are summarized in Table 3.1. 
Table Э.І. Observations during the hydrogénation and isomerization of alkenes by HRh[P(OPh)3]4. 
1-Hexene 
Allylbenzene 
without extra P(OPh)3 
formation of hexane: 
0 , n order in substrate 
1 s t order in р(Нг) 
formation of 2-hexene: 
approx. 0 t h order in substrate 
0 t h order in р(Нг) 
formation of propylbenzene: 
induction period 
formation of methylstyrene: 
0 t h order in substrate 
0 t h order in p(H2) 
with extra P(OPh)3 
formation of hexane: 
1 s ' order in substrate 
< 1 s i order in р(Нг) 
formation of 2-hexene: 
1 s t order in substrate 
formation of propylbenzene: 
O'h order in substrate 
1 st order іпр(Нг) 
formation of methylstyrene: 
<1s,order in substrate 
0 t h order in p(H2) 
Without addition of extra phosphite ligand the hydrogénation of 1-hexene 
is zero-order in substrate and first order in hydrogen pressure (Figure 3.3a). 
Above 5 atm. the pressure dependence of the rate is no longer linear and 
declines. The isomerization reaction, giving Z- and E-2-hexene, is almost a zero 
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order process and independent of the hydrogen pressure. Only the Z-isomer is 
hydrogenated to hexane. No 3-hexene is formed until all the 1-hexene has 
reacted. In the case of allylbenzene the rate of hydrogénation increases after an 
without extra P(OPh)3 
2:00 4:00 6:00 6:00 
- » - / [hours] 
with 1 extra eq. of P(OPh)3 
2:00 4:00 6:00 8:00 
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Figure 3.3. The formation of hexane (a and b) and vropylbenzene (c and d) in separate 
hydrogénation experiments of 1-hexene and allylbenzene by HRh[P(OPh)3l4 without (a and c) 
and with (b and d) an additional equivalent of P(OPh)¡ at 0.1 atm (x), 1.0 atm (0), 5.0 atm (o) 
and 10 atm (»). 
initial induction period to the same value as observed for the hydrogénation of 1-
hexene. No specific dependence on the pressure could be derived from the data 
(Figure 3.3c). The isomerization reaction, resulting in E-ß-methylstyrene (no Z-
isomer is observed), is zero order in both substrate and the hydrogen pressure. 
The observed zero-order rate constants are summarized in Table 3.II. The values 
are corrected for the hydrogénation of the isomerized products (see experimental 
section). 
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When extra equivalents of triphenylphosphite are added to the reaction 
mixture both the hydrogénation and isomerization of 1-hexene become first or-
der with respect to the substrate concentration (Figure 3.3b). The order in hydro-
gen pressure is smaller than one for the hydrogénation reaction. The observed 
Table 3.11. Zero-order rate constants for the hydrogénation and isomerization of 1 -
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an induction period of approx. 30 min. 
Table 3.III. First-order rate constants and selectivities for the hydrogénation and isomerization 
of 1-hexene with HRh[P(OPh)3]4 in the presence of additional P(OPh)3 a 




































Conditions: see Table 3.II. bTotal amount of Z- and E- 2-hexene, no 3-hexene was formed. 
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rate constants for the formation of hexane and 2-hexene as well as the product 
composition in the presence of 1 and 3 equivalents of additional Р(ОРЬ)з are pre­
sented in Table 3.III. 
In the presence of additional phosphite the hydrogénation of allylbenzene is 
zero-order in substrate and first order in hydrogen pressure (Figure 3.3d). The 
isomerization reaction has an order <1 in substrate and is independent of р(Нг). 
The zero-order rate constants for the hydrogénation of allylbenzene and the 
product composition in the presence of 1 extra equivalent of Р(ОРЬ)з are listed in 
Table 3.IV. 
Table 3.1V. Zero-order rate constants for the hydrogénation of allylben-













Conditions: see Table 3.II. 
When substrate was added to the catalyst no intermediates could be 
observed by 1 H NMR spectroscopy and in the 31P NMR spectrum only the signal 
of [HRh[P(OPh>3]4] was visible. Most of the reactions in Scheme 3.1 are equili-
brium reactions and apparently under the conditions of our experiments they are 
far to the side of [HRhfPCOPWaU]. Also in the presence of a large excess of sub-
strate the 31P NMR spectrum remained unchanged. 
3.4.2 Discussion 
It is very plausible to assume that the first step in the hydrogénation and 
isomerization reactions of the alkenes is the formation of HRhP3 (P = Р(ОРЬ)з) by 
dissociation of a phosphite ligand according to equation (1). This generates a free 
coordination site at the rhodium center. 
HRhP4 <± HRhP 3 + Ρ (1) 
HRhP3 ^ HRhP2 + Ρ (2) 
The importance of such a site is known from catalytic hydrogénation exper-
iments with the corresponding cobalt complexes. Rapid conversions are observed 
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with [HCo[P(OPh)3J3(CH3CN)], whereas [HCo[P(OPh)3]4] is essentially i n e r t e It is 
known that also the phosphine complex [HRh(PPh3>4] readily dissociates one of 
its ligands in solution. Depending on the type of the phosphine also a second lig-
and dissociation can take place to some extent (eq. 2). 1 9 
In our case the still rather crowded rhodium-phosphite complex HRhP 3 can 
undergo three processes: reaction with alkene, reaction with hydrogen, and 
further dissociation to HRI1P2 (Scheme 3.II). When an excess of P(OPh)3 is present 
the equilibrium concentration of НШгРг will be neglectible. In the following the 
equilibrium involving the orthometallation reaction (Scheme 3.1) can be left out 
of consideration because the reactions are carried out under hydrogen pressure. 
The kinetic data for the hydrogénation of 1-hexene to hexane (Tables 3.1 and 
3.II) imply that without extra phosphite present the catalyst first reacts with 
hydrogen, resulting in an intermediate that can be represented as P n Rh m H m + 2· 
The fact that the rate of hydrogénation of allylbenzene under these conditions 
eventually reaches the same value as that observed for 1-hexene (Table 3.II) sug-
gests that for this substrate a similar mechanism is operative. In the presence of 
extra P(OPh)3 the data for the hydrogénation of 1-hexene (Table 3.III) indicate that 
first coordination of the substrate takes place, giving the species 
PnRhmHm(alkene). In contrast with this, the data for the hydrogénation of allyl-
benzene (Table 3.IV) point to a process that starts with the oxidative addition of 
hydrogen. 
Scheme 3.11* 
* S H2 Rhz P4 T * " H4 Rh2 P4 *- H3 Р-Ьг P4 Alkyl 
II 1IH* 
HRhP2 H6Rh2P4 




Нг HRhP 4 ^=:HRhP 3 - ^ ^ Г HRhP 3 S-^= P3RhAlkyl » HRhP3 + H [Path В 
*" Ih 
Ρ S ι 1 H3RhP3-^=^: H3RhP2 — 5 - * - H R h P 3 + H |Path C| 
'The substrate is represented as S and the hydrogénation products as H. 
A reaction scheme with only one type of catalytic species cannot explain all 
the kinetic data. We therefore postulate that without extra P(OPh)3 the actual 
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catalyst is the dimeric species [(НЮгРгЫ, reported by Muetterties.6 a '2 0 This species 
could be formed by dimerisation of the 14-electron complex [НШгРг] (see Scheme 
3.II, path A). For this mechanism an order in catalyst smaller than one should be 
observed. We were not able to confirm this because the hydrogénation reaction 
was very sensitive to the presence of small concentrations of Р(ОРЬ)з and the 
purity of the starting complex. Muetterties' complex [{НШі[Р(0-і'-СэНб)з]2Ы is 
known to be a very powerful hydrogénation catalyst for 1-hexene with turnovers 
up to 2 s-1 at 1 atm. of р(Нг). 6 а This number is much larger (40,000 x) than the 
turnover numbers displayed by the monomeric catalyst (e.g. see Table 3.III, 1 
equiv. of P(OPh>3, 1 atm. р(Нг)). Therefore, it is likely that without additional 
phosphite present the hydrogénation route predominantly goes via path A. 
The decrease of the hydrogénation rates at higher pressure can be explained 
by an oversaturation of the dimer complex with dihydrogen. Possibly, a second 
molecule of hydrogen is oxidatively added to H4Rrt2P4, forming the d^-df, 
binuclear metal complex H ^ R l ^ P ^ which is coordinatively saturated and 
therefore expected to be inactive (Scheme З.П, path A). In the case of allylbenzene 
at 10 atm. of р(Нг) this competitive reaction with hydrogen is even preferred 
over coordination of the alkene. 
The amount of isomerized products obtained during the catalytic reactions 
without additional Р(ОРЬ)з is considerable. As the hydrogenolysis of the 
alkylmetal complex normally is a very fast process,2 we believe that a different 
metal complex is responsible for the isomerization reaction. Possibly, this 
reaction proceeds via a π-allylic complex which is formed by the oxidative 
addition of alkene to undimerized НШіРг- An alternative pathway for the 
isomerization of allylbenzene is by way of orthometallation as is shown in 
Scheme 3.III. 
Scheme 3.III 
As during the catalytic reactions no intermediates could be detected by NMR 
and only the signal of HRh[P(OPh)3l4 was observed we may conclude that the 
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equilibrium constant K
e
 (Scheme 3.II) is small. Therefore, it is reasonable to 
assume that the addition of 1 or 3 equivalents of Р(ОРЬ)з will hardly influence 
the equilibrium defined by this K
e
. It will however completely inhibit the 
dissociation of a second phosphite ligand (equilibrium Kp), blocking the 
formation of the dimer НгИЬгРф Consequently, when extra phosphite is present 
the hydrogénation will merely have to proceed via a monomeric rhodium 
complex (path В and C). 
In the case of hydrogénation with the monomeric catalyst the size of the 
substrate is probably decisive for the reaction path. 1-Hexene is small enough to 
coordinate to the bulky HRI1P3 complex. The observed first-order dependence of 
the reaction rate on the substrate concentration can be explained by assuming a 
pre-equilibrium in which alkene is involved (Scheme 3.II, path B). Since the first-
order rate constants for the hydrogénation and isomerization of 1-hexene have 
the same values we may conclude that these reactions go via a common 
intermediate. Most likely the isomerization products arise from a ß-elimination 
reaction occuring at the rhodiumalkyl complex. The fact that the amount of extra 
P(OPh>3 has no influence on the ratio of hydrogenated and isomerized product is 
consistent with the supposition that coordination of the substrate is the rate-
determining step of the reaction. 
Our kinetic data indicate that the rhodium center in HRI1P3 is too shielded 
to accommodate the relatively bulky allylbenzene. The reaction sequence for this 
alkene most likely involves the rate-determining oxidative addition of hydrogen 
to HRI1P3, giving H3RI1P3 (Scheme 3.II, path C). The subsequent dissociation of a 
ligand may now be facilitated, because of the higher electron density on the 
rhodium center. The absolute rate of the conversion of allylbenzene by this 
hydride pathway is slower than that of 1-hexene (see Figure 3.2 and Table 3.IV). 
3.5 Conclusion 
Without additional phosphite present we propose that the actual catalyst for 
the hydrogénation of alkenes is the dimeric complex [{HRhtPiOPh^bhl/ which is 
much more active than the monomeric catalyst [HRh[P(OPh>3]3]. After addition 
of P(OPh)3 the dimerization reaction is blocked and a monomeric complex is 
responsible for the hydrogénation. With a small substrate like 1-hexene the 
alkene pathway is preferred (path B, Scheme 3.II) and the catalyst resembles with 
regard to its functioning the phosphine catalyst [(solvent)2Rh(PR3)2] + . 
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Apparently, because of the electron-withdrawing property of the π-acidic 
phosphite ligands, the rhodium center in the neutral hydride complex 
HRh[P(OPh>3]
n
 is electronically comparable to that in the ionic phosphine 
complex. However, because of this π-acidity the dissociation of ligands is 
unfavorable, preventing the catalyst to react with more bulky substrates. 
Therefore, in the latter case the hydride pathway is followed (path C, Scheme 3.II), 
and the catalyst acts analogous to the neutral complex [С1Ш\(РРпз)э]. Thus, 
because of the properties of the phosphite ligand the monomeric phosphite 
catalyst described in this chapter can be considered as being a catalyst intermediate 
between the neutral and the ionic rhodium phosphine catalyst. 
The poor electron density on the rhodium atom in combination with the 
restricted accessibility of the metal center makes the phosphite based catalyst 
unsuitable for reaction with less electron donating and sterically hindered 
substrates. In line with this we observed no hydrogénation of methyl <x-
acetylaminocinnamate, even not at 10 atm of hydrogen pressure.21 
3.6 Experimental Section 
Reagents and solvents. Unless otherwise indicated, commercial materials 
were used as received. Ethanol and methanol were distilled under nitrogen 
atmosphere from their corresponding sodium salts. Dichloromethane was 
distilled from L1AIH4. Chloroform and chloroform-d6 were distilled from 
phosphoruspentoxide. All solvents were stored on molecular sieves under an 
inert atmosphere. Benzene was distilled from sodium. Triphenylphosphite was 
distilled prior to use. 1-Hexene and allylbenzene were distilled from sodium and 
filtered over basic alumina prior to use to remove the hydroxyperoxides. 
Apparatus. ^H NMR spectra were recorded on Bruker WH-90, Bruker WM-
200 and Bruker AM-400 instruments. Chemical shifts (δ) are reported in ppm 
downfield from internal (СНз^Эі. Abbreviations used are s = singlet, d = doublet, 
qu = quintet, m = multiplet, and br = broad. 3 1 P NMR spectra were recorded on 
Bruker WM-200 and Bruker AM-400 instruments. Chemical shifts (δ) are 
reported in ppm downfield from external ОР(ОМе)з. Mass spectra were recorded 
on a VG 7060E instrument. Elemental analyses were determined with a Carlo 
Erba Ea 1108 instrument. For thin layer chromatography Merck Silica Gel 60 F254 
plates were used. The hydrogénation and isomerization reaction were monitored 
on a Varían 3700 gas Chromatograph with flame ionisation detector. 1-Hexene 
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and its reaction products were separated on a CP PLOT fused silica AI2O3/KCI 
capillary column (50 m χ 0.22 mm ID, 180°C isoth.). Allylbenzene and its reaction 
products were separated on a CP-SIL 5CB capillary column (25m χ 0.25 mm ID, df 
= 0.12 μτη, temp. prog.). The detector signal was integrated with the help of a HP 
3390A Integrator. 
HRh[P(OPh)3]4.(l) Under an inert atmosphere 1 g (3.2 mmol) of Р(ОРЬ)з was 
added to a cooled solution (0°C) of 0.3 g (1.14 mmol) of RhCl3-3H20 in 10 mL of 
degassed ethanol. After 1 min. the dark color disappeared and the reaction 
mixture became turbid. Subsequently, 0.12 g (3.2 mmol) of sodium borohydride in 
10 mL of ethanol was slowly added. Half-way this addition another 0.8 g (2.6 
mmol) of Р(ОРЬ)з was added. The mixture was stirred for 2 hrs. and allowed to 
warm up to room temperature. The formed off-white precipitate was filtered off, 
washed with cold ethanol and dried under vacuum. The product was extracted 
from the solid material with dichloromethane. The volume of the solution was 
reduced to ca. 3 mL and added dropwise to 80 mL of dry methanol. The 
precipitate was filtered off, washed with cold methanol and dried under vacuum, 
yielding 1 g (66%) of HRh[P(OPh)3]4 as a white solid; 3 1 P NMR (80 MHz, CDCI3) δ 
127.6 (dd, jRh-p = 229 Hz, J P . H = 44 Hz); Щ NMR (200 MHz, CDCI3): δ 7.15-6.90 (m, 
42H, meta and para АгН), 6.9-6.7 (m, 18 H, ortho ArH), -11.0 (dqu, IH, JH-P = 44 
Hz, Тн-Rh = 7 Hz); Anal, caled, for C72H6iOi2P4Rh: С 64.29, H 4.57; found: С 64.09, 
H 4.29. 
Deuterium exchange. A solution of 50 mg of HRh[P(OPh)3l4 in 10 mL of 
CDCI3 was stirred for two hrs. under 5 atm. of deuterium pressure; 3 1 P NMR (80 
MHz, CDCI3) δ 127.8 (d, JRh-p = 229 Hz, J P . D = 5.4 Hz, JRh-D = 0.5 Hz); ІН NMR (200 
MHz, CDCI3): δ 7.40-6.90 (m, meta and para АгН). 
ι 1 
[P(OPh)3l3 Rh(I) (о -C6H40) Ρ (OPh)2 (3). This complex was prepared in two 
ways: (A) by refluxing HRh[P(OPh)3l4 in hexane for 5 min. 1 4 and (B) by a modified 
literature procedure: 1 1 3 first tris(triphenylphosphite) rhodium(I) chloride (4) was 
prepared by adding 0.42 g (1.4 mmol) of Р(ОРЮз to a suspension of 0.1 g (0.4 
mmol) of (acac)Rh(CO)2 in 15 mL of dichloromethane and subsequently leading a 
stream of dry hydrochloric acid through the solution for 5 min. The mixture was 
concentrated and the product was dissolved in 15 mL of benzene. To this solution 
was added 0.4 g (1.2 mmol) of a solution of MeMgCl in THF (22%). The reaction 
mixture was stirred for 3 hrs. and evaporated to dryness. The main signals in the 
3 1 P NMR-spectrum of the products obtained by method (A) as well as method (B) 
were attributed to compound 3 (see text and Figure 3.1). 
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Hydrogénation of 1-hexene. In a 50 mL glass vessel 13.5 mg (10 μπιοί) of 
HRh[P(OPh)3l4 was dissolved in 4.2 mL of chloroform. The vessel was placed in 
an autoclave and 2.5 mL (20 mmol) of 1-hexene was added, resulting in 
concentrations of 1.5 mM catalyst and 3 M 1-hexene. The autoclave was 
evacuated quickly and refilled twice with argon. Finally, an overpressure of 0.2, 
1.0, 5.0 or 10 arm of hydrogen gas was applied. The reaction was followed at room 
temperature while stirring. Samples were taken by opening a valve under a 
stream of argon. The reaction was stopped by rapidly condensing the reaction 
products into a micro cold trap. Control experiments indicated that by this 
procedure no change in the product ratio took place. 
Hydrogénation of allylbenzene. The same procedure as described for 1-
hexene was followed using 13.5 mg (10 μπιοί) of НШі[Р(ОРЬ)з]4 in 4.0 mL of 
chloroform and 2.66 mL (20 mmol) of allylbenzene. In this case the samples were 
frozen in liquid nitrogen to stop the reaction. 
Data processing. For all the components in the reaction calibrations with 
regard to an internal standard were made. The GC calibration standard for hexene 
was pentane and that for allylbenzene was toluene. A collective calibration was 
made for the mixture of isomerized hexenes (Z- and Ε- , 2- and 3-hexene). The 
integrated areas from the recorder were multiplied by the slopes of the 
corresponding calibration curves and afterwards renormalized to 100%. 
The hydrogenated products were made independently by stirring the 
substrate overnight in acetic acid with a catalytic amount of palladium on carbon 
under 10 arm. of hydrogen pressure. The isomerized products were prepared by 
stirring the corresponding substrate overnight in methanol with a catalytic 
amount of palladium on carbon and a drop of concentrated hydrochloric acid 
under argon atmosphere. 
The zero-order rate constants for the reactions without additional Р(ОРЮз 
(Table 3.II) were corrected for the hydrogénation of the isomerization products. 
The contribution of this reaction to the total amount of hydrogenated product 
varied from 30% at 0.2 atm. to 2% at 10 atm. of hydrogen pressure (see Figure 
3.3a.). To this end the slope of the hexane formation curve after all the substrate 
had reacted was subtracted from the slope of this curve before that point and 
added to the slope of the isomerized products. 
The first-order rate constants for the reactions with extra Р(ОРЬ)з (Table 3.III) 
were obtained as follows. The maximum amounts of hydrogenated and 
isomerized products were determined by extrapolation of the straight lines, 
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obtained by plotting the hexane concentration [H] and the sum of 2- and 2-hexene 
concentration [I] vs. the 1-hexene concentration [S], to the point [S] = 0 %, 
corresponding to [H] = [H]max and [I] = [Umax- The rate constants were derived 
from the slopes of the ln{l-([H]/[H]maX)} and ln{l-([I]/[I]max)) versus time plots. 
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Synthesis and Conformational Behavior of 
Rhodium(I) Metallohosts Derived from 
Diphenylglycoluril 
4.1 Introduction 
Current interest in the field of supramolecular chemistry is focussed on the 
design of advanced molecular devices and catalytic systems. As a result of built-in 
ordering or information the system or device is intended to perform certain 
actions, mostly based on and inspired by biological processes. Macrocyclic rings 
and molecular cages have been synthesized and explored for applications such as 
selective recognition,1 transport,2 switching,3 self-replication,4 and catalysis.11*'5 
For a supramolecular catalyst a host is required that recognizes the substrate selec-
tively, a nearby catalytic center that can convert the bound substrate, and finally 
the catalyst should be able to release the product and have the property to be re-
generated efficiently. Our objective is to develop these systems by the design and 
synthesis of molecules containing both a cavity and a catalytically active metal 
center. Several examples of hosts6 with metal centers have been described in the 
literature., e.g. functionalized cyclodextrines,5a'7 capped porphyrins,6 '8 and modi-
fied cyclophanes.lb 
In this chapter we decribe host molecules that are provided with a nearby 
Rh(I)-triorganylphosphite complex. They are synthesized from the clip molecule 
la which is derived from diphenylglycoluril.9 These metallohosts are selective 
hydrogénation- and isomerization catalyst for dihydroxy-substituted allylarene 
substrates, as will be described in the next chapter. 
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4.2 Design 
The substrate-binding moiety of our metallohosts is molecule 2a (R = H), 
previously reported by us.1 0 The central part of this molecule has the form of a 
clip (see Figure 4.1). The two side-walls of 2a are connected by aza-tetraethylene-
glycol chains, giving the molecule the structure of a basket. The nitrogen atoms 
in the rings can be used to functionalize the basket with metal binding ligands, 
viz. by connecting them via spacers. The form and the length of the spacers will 
define the final flexibility and property of the system. Since the rings of 2a contain 
many hard donor atoms we decided to connect soft donor ligands to the nitrogen 
atoms in order to be able to distinguish between the two ligating moieties 
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(Pearson's HSAB theorem1 2). The chelate effect is expected to be small because of 
the large distance between the two ligands of modified 2a. In order to avoid dis­
placement of the bound metal center by exchange with other ligands, the applied 
metal complex must not be kinetically too labile. The combination of rhodium(I) 
and triaryl phosphite-ligands was felt to meet the above mentioned criteria. 
Figure 4.1. X-Ray structure of la (see ref. 11). 
4.3 Synthesis 
The synthesis of the ligand system is outlined in Scheme 4.1. The starting 
compound is tetrapodand l b . 1 3 Double ringclosure of l b with two equivalents of 
p-methoxymethoxybenzylamine under high dilution conditions in acetonitrile 
with ЫагСОз as a base gave 2b (62% after column chromatography). The p-
hydroxybenzylamine was prepared from cyanophenol according to a standard 
procedure (see Experimental Section). Quantitative removal of the p-
methoxymethyl groups of 2b was achieved with concentrated hydrochloric acid to 
give 2C-2HC1 (Chart 4.1). This compound can be deprotonated with a 
N a H C 0 3 / N a O H buffer of pH=9.8, albeit with loss of product. CPK - models 
suggest that in deprotonated 2c an intramolecular hydrogen bond can be formed 
between a phenolic hydroxyl function and a tertiary amine group (see Figure 
4.2a). Evidence for such a bond was found in the infrared spectrum of 2c in 
CDCI3, which displayed a relatively sharp signal for a free phenolic hydroxyl 
function (v = 3604 cm- 1) as well as a broad signal for a hydrogen bonded one (v = 
3327 cm· 1 ) . 1 4 The concentration was taken such (ca. 8 mM) that inrcrmolecular 
hydrogen bonding could be excluded. The stretching frequencies of the carbonyl 
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Scheme 4.1 
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functions of the glycoluril-unit (vc=o = 1716 and 1692 cm -1)15 remained unaf-
fected, indicating that these are not involved in the hydrogen bonding process. 
The protons of the benzyl spacers gave rise to only one AB pattern in the *H 
NMR spectrum. Moreover, these signals had shifted to higher field as compared 
to the ortho- and meta- proton signals of the reference compound HO-C6H4-
CH2NH2. Based on these data we propose that one of the p-hydroxybenzyl groups 
of 2c is clammed between the side walls of the cleft, as is shown in Figure 4.2a, 
and that the in-out movement of this group is a rapid process on the NMR time 
scale. 
The λΚ NMR spectrum of the protonated derivative 2c-2HCl in DMSO-d6 
revealed a complex pattern for the protons of the benzyl spacers. This result sug­
gests that also in this molecule one of the benzylgroups is clammed between the 
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feature may be the result of various hydrogen bonds present in the molecule (see 
Figure 4.2b), viz. a bond between a quaternized amine and an adjacent carbonyl 
moiety on one side of the glycoluril-unit, a bond between a phenolic hydroxyl 
function and a protonated amine on the other side of the molecule, in which the 
former is the Η-bond acceptor and the latter the Η-bond donor, and a hydrogen-
bond between the last-mentioned phenolic hydroxyl group and a carbonyl moiety 
in which the phenolgroup is the donor. In the IR spectrum of 2c-2HCl the stret-
Figura 4.2. Proposed structures of 2c (a) and 2c-2HCl (b). 
ching frequencies of the carbonyl functions of the glycoluril-unit had shifted to 
Vc=o = 1691 cm-1 and an intens broad OH signal was observed in the region from 
3000 to 3600 cm"1. Moreover, a weak broad signal at 1900 cm-1 was visible, which 
can be attributed to the =N+-H- vibrations. All these observations are in line with 
the structure proposed in Figure 4.2b. 
Reaction of 2c with diphenylphosphochloridite in CH2CI2 with Et3N as a 
base gave the corresponding bis(triaryl)phosphite 2d (96%). The same result was 
obtained with 2c-2HCl when an excess of Et3N was used. Compound 2d was fully 
characterized by elemental analysis and spectroscopic methods. 
4.4 Rh(l)-diketonate Complexes 
The addition of an equimolar amount of (acac)Rh(CO)2 (Hacac = acetylace-
tone) to a solution of ligand 2d in CHCI3 led to the substitution of the carbonyl 
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ligands in the rhodium complex and the formation of metallocage 3a. The 3 1 P 
NMR spectrum of 3a displayed a set of four resonances which had different 
intensities (Figure 4.3a and Table 4.1). Space-filling models suggest that these 
signals may be attributed to four different conformations of 3a prescribed by the 
square-planar coordination of the metal center in combination with the rigidity 
of the spacers. The interconversions of these conformers, which will be discussed 
below, require considerable rearrangements in the molecule. These interconver­
sions are slow processes, as was demonstrated by 3 1 P NOESY. Since no cross peaks 
were observed with a mixing time of 1 s, the life time of a single conformation is 
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Figure 4.3. 31Р{гН) NMR spectra of За (а), ЗЪ (b) and Зс (c). 
When more than 1 equivalent of (acac)Rh(CO>2 was added to 3a an addi­
tional doublet became visible in the 3 1 P NMR spectrum at δ = 117.8 (jRh-p = 292 
Hz). We assign this signal to the dirhodium complex 4, which is analogues to the 
complex (acac)RhCO[P(OPh)3].16 This suggests that the chelating ability of ligand 
system 2d is moderate. No polymeric structures were formed. Apparently, 
compound 4 is free of strain as only one doublet in the 3 1 P NMR spectrum was 
observed. 
Legend Figure 4.4. Two different views on of space filling models {left and middle) and the 
schematic representations (right) of the different conformations of compound 3a. Schematic repre­
sentation: I I = diketonate ligand and ^ H = phenyl group of triphenylphosphite ligand. 
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The geometrical isomers can be divided into two sets in which the diketo-
nate ligand has either an upward (U) or a downward (D) orientation with respect 
to the substrate-binding moiety (see Figure 4.4). One of the conformers of the U 
set, the Ui-form, is flexible: the rhodium complex is situated above the cavity and 
can twist easily (Figure 4.4a). The metal center in this conformation is very 
mobile with regard to the host molecule. In this form the cavity is best accessible 
for a guest molecule. The other conformer of the U-set, (U2-form), is character­
ized by the fact that one of the phenyl groups of the triphenylphosphite ligands is 
located in the cleft of the host molecule (Figure 4.4b). 
The U-conformers can be converted into D-conformers by a process in 
which two phenyl rings of a phosphite ligand pass through the ring formed by 
the rhodium center, the spacer arms and the receptor molecule. In fact, the In­
form can be regarded as an intermediate on the route of Ui to these D-
conformers. 
Once in downward position the diketonate ligand can have two orienta­
tions. The most compact structure is obtained when this ligand is located in the 
cavity (Di conformer, Figure 4.4c), but this arrangement is only possible for dike­
tonate ligands with small substituents. As indicated by CPK models, the sterically 
less hindered conformation is D2, in which the diketonate ligand is situated next 
to the cleft (Figure 4.4d) and the benzyl spacers are partly covering the cavity. 
In order to obtain more information about the conformational behavior of 
the metallocage we also synthesized complexes 3b and 3c using (dbm)Rh(CO)2 
and (dpm)Rh(CO)2 as starting complexes (Hdbm = dibenzoylmethane, Hdpm = 
dipivaloylmethane). In contrast to 3a, compounds 3b and 3c displayed only three 
resonances in their 3lp NMR spectra (Figure 4.3b and 4.3c and Table 4.1). The 
signal attributed to the Di conformer is absent, because this geometric arrange­
ment is not possible as a result of the bulky substituent on the diketone ligand. 
The different conformations of 3a-c possess varying degrees of symmetry. In 
the J H NMR spectra of these complexes specific signals can be found in which the 
extent of symmetry is expressed. By correlating the *Η NMR and 3 1 P NMR signals 
and taking into account the different intensities we were able to make the assig-
ments listed in Table 4.1. In addition the following comments can be made. 
Several AX-patterns, originating from the methylene-bridge protons 
between the glycoluril unit and the side walls (Figure 4.5, e) were present in the 
*H NMR spectrum. It was not possible to assign them unequivocally to each of 
the conformations. In all conformations the protons signals of the aromatic walls 
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d) gave rise to a complex pattern, because of the interference by the aryl groups of 
tie phosphite ligands (Table 4.1). 
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δ in ppm [JRh-p(Hz)] at 80 MHz, referenced to external ОР(ОМе)з at 298K in CDCI3; b δ in ppm [J(Hz)] 
t 400 MHz, referenced to internal TMS at 298K in CDCI3; c abbreviations used are d = doublet, m = 
lultiplet, br = broad; (-) no assignment could be made; the protons are denoted as shown in Figure 
.5; d ortho-protons of the phenyl rings of the dbm-ligand. 
The protons f in the crown ether rings in the Ui-conformers were visible as 
. broad signal, reflecting the fluxional movement of the metal complex parts. 
The U2-conformers were identified by the fact that their 3 1 P NMR reso-
lances disappeared after addition of a substrate molecule (see section 4.7). 
Figure 4.5. Numbering of Η-atoms used for the assignment of the I H NMR signals. 
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The shoulder on the СНз-signal at 5 = 1.49 belonging to the Ui-conformer of 
3a was assigned to the methyl groups of the acetylacetonate ligand of the Di-con-
former. Despite the fact that these methyl groups are located in the cleft their shift 
is small as compared to the methyl groups in the Ui-conformation. The reason 
for this may be that these groups are positioned just outside the shielding zone of 
the side walls. 1 0 a Further support for this assignment came from the binding 
experiments (vide infra). 
The D2-conformers were identified on the basis of the methylene protons 
next to the nitrogen atoms in the crown ether ring (Figure 4.5, protons 0· These 
protons displayed an AA'BB' pattern which is the result of the asymmetric 
arrangement of the diketonate ligand. In the D2-conformations the rings contain­
ing the triphenylphosphite ligands are rather constraint, which causes the 3 1 P 
signal to shift to higher fields (see Figure 4.3).17 The sharp singlets at δ = 6.63 in 
the NMR spectra of the complexes were attributed to the most exposed set of (d) 
protons in the D2-conformations (the wall protons on the right-hand of the com­
plex in Figure 4.4d). 
To confirm the existence of different conformational isomers and to support 
the assignment of the individual signals we carried out ^H NOESY measure­
ments. The 2D-spectra of 3a-c revealed both positive and negative cross peaks. 
The sign of the Nuclear Overhauser Enhancement is determined by the relax­
ation pathway. 1 8 The transitions are stimulated by the fluctuating fields induced 
by the rotation of the dipoles in solution and are characterized by the correlation 
time x
c
. For common organic compounds with low molecular weights in non-
viscous solvents т
с
 is short, i.e. the tumbling rate l / t
c
 is fast with respect to the 
spectrometer frequency (ω), so that 0)t
c
 < 1.2. Under these conditions the NOE's 
are positive. On the other hand, if ω·τ
ε
 > 1.2 the NOE's are negative.19 For a rigid 
molecule one single correlation time т
с
 applies. When internal motion plays a 




 for sections in the 
molecule. 2 0 As a result for a molecule with ω·τ
ς
 > 1.2 both positive and negative 
NOE's may be observed. 
In Figure 4.6 the *Η NOESY spectrum of compound 3b is shown. The spectra 
of 3a and 3c displayed very similar features. All the NOE's, originating from the 
host molecule itself, e.g. between the geminai protons (e) (Figure 4.5) of the bridg­
ing methylene groups (Figure 4.6, a) and between the latter protons and the 
ortho-protons (g) (Figure 4.6, b), were negative, indicating that this part of the 
molecule is rigid and tumbling slowly. Enhancements coming from the diketo-
Synthesis and Conformational Behavior of Rhodium(I) Metallohosts.... 53 
ttttt'm ¿нити 
U K * JIM I І ЛІ/НІ 
' • l ' ι ' l ' ι ' I ' ι ' I • ι ' I ' ι * I ' ι • | ' τ 
7.5B 7 . 5 6 7 . 5 4 7 . 5 2 7 . 5 0 7 . 4 8 ß p l 
l - i - r τ f f ч ι • • | • ' ' ' I ' ' ' ' 1 ' • ' • I ' ' 
6.64 6.59 6.94 6.49 6.44 
Figure 4.6. 1H-NOESYspectrum of compound 3b (r
m
 = 0.8 s, Τ = 298 К). The enlargements of 
regions с and e are given separately. The dashed lines indicate that the cross peaks are negative. 
The splitting of the signals in region с is due to coupling with an ortho-proton. 
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nate ligand were either positive or negative, depending on the conformation of 
the entire molecule. The negative cross peaks were more intens than the positive 
ones, in accordance with theory.19 In the D2-conformation the diketonate ligand 
is in a more or less fixed position next to the cavity and its movement is coupled 
to that of the framework of the molecule. As a result, the interactions between 
the protons (i) and (h) of the diketonate ligand give rise to negative NOE's. On 
the contrary, in the Ui conformation the metal complex part is rather mobile, 
and its movement is virtually independent of that of the host molecule, result­
ing in positive NOE's between protons (h) and (i) (Figure 4.6, c). The benzylic CH2 
groups act as a pivot point in the fluxional movement and therefore their pro­
tons (b) displayed only weak negative NOE's with the neighboring protons (a) 
(Figure 4.6, d) and with the methylene protons (f). 
In a control experiment we confirmed that the sign of the NOE indeed 
depends on the mobility of the diketonate ligand. The methyl protons of the 
acetylacetonate ligand in (асас)Юг[Р(ОРЬ)з]2 generated a positive enhancement of 
22% at the methynic proton (i). In 3a the same protons gave a netto negative NOE 
of 22%, which is the sum of contributions from the Uj- (positive enhancement) 
and the D2-conformation (negative enhancement). 
For the D2-conformation two different negative NOE's between the aro­
matic wall protons (d) and the methylene protons (c) were observed, viz. one 
originating from the exposed (d) protons (sharp singlet in the *H NMR spectrum) 
and one coming from the (d) protons that are covered by the metal complex part 
(complicated proton signals in the 1 H NMR spectrum) (Figure 4.6, e). This obser­
vation is in line with the asymmetry of the D2-conformation. The positive NOE 
between the (d) and (c) protons in the spectrum arises from contacts in the Ui-
conformation. 
The factors that determine the preference for a certain conformation are not 
fully understood yet. For all compounds 3 the U2- and the Dj-forms are minor 
conformations. The more bulky metallohosts 3b and 3c tend to prefer the D2-con-
formation, and at higher temperatures the Ui-form is slightly preferred by all 
compounds. An important factor is the amount of water present. This water can 
be bound in the cavity of the metallohost and can force the latter to adopt its most 
accessible conformation (Ui). 
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4.5 Rh(l)-hydride Complexes 
Reaction of compounds 3 with H2 in the presence of a small excess of 
P(OPh>3 in chloroform led to the formation of the hydride compound 5. This 
compound can be isolated by precipitation in hexane but is not stable for long 
periods of time. In the reference compound HRh[P(OPh)3l421 the Rh-center is 
tetrahedrally surrounded by the phosphites. The hydride is positioned along one 
of the trigonal axes of the complex. The four phosphites have the same chemical 
shift and they couple strongly to each other. Hence they give rise to a single 
resonance in the 3 1 P NMR spectrum (jRh-p = 229 Hz). This virtual equivalence of 
the phosphorus atoms is also expressed in the J H NMR spectrum by the 
appearence of a double quintet for the hydride signal (Jp-н = 44 Hz, jRh-H = 3 Hz) 
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Figure 4.7. 31PI1H} NMR spectra of compound 5 with different amounts of additional Р(ОРЮз 
present: after isolation (no extra triphenylphosphite) (a), with 2 equiv. (b), with ca. 4 equiv. (c), 
and ca. 6 equiv. (d) of extra Р(ОРЮз. The signal of free РЮРЮ3 is marked with an asterisk and 
that of an uncoordinated phosphite Hgand of 2d with a triangle. 
In the case of compound 5 a complex set of signals was visible in the 3 1 P 
NMR spectrum. The pattern was dependent on the amount of triphenylphos­
phite present in solution (Figure 4.7). We propose that in the presence of addi­
tional Р(ОРЬ)з the chelated form of 5 (Figure 4.8, 5a) is in equilibrium with a 
form (5b) in which one of the ligands of the receptor molecule is replaced by a 
Р(ОРЬ)з ligand. Other structures can also be imagined, e.g. one in which each of 
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the phosphorus atoms of the ligand system is coordinated to a different rhodium 
center (5c) or one in which the rhodium center is chelated by two ligand systems 
(5d). These structures, however, are less likely when equal amounts of ligand 2d 
and rhodium are present. They may become important at lower or higher ligand 
to rhodium ratios. A polymeric form is also conceivable but entropically unfa­
vorable, and not in agreement with the fact that the signals in the Ш NMR spec­
trum are relatively sharp. We assign the complex signal in the 3 1 P NMR spec­
trum after isolation of the metallohost to structure 5a. The complexity of the 
signal may arise from a distortion of the tetrahedral arrangement of the phos­
phites around the rhodium center, due to the bulky ligand system. As compared 
to HRh[P(OPh)3l4 this could lead to a considerable change in the magnitude of the 
couplings between the different phosphorus atoms and between the phosphorus 
atoms and the rhodium center.2 2 In 5b, there is no need for a distortion and the 
phosphorus atoms will give rise to a single doublet, comparable to 
HRh[P(OPh)3]4. In Figure 4.7b-d this doublet is superimposed on the signal of 5a. 
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Figure 4.8. Schematic representation of the different rhodium hydride complexes de­
rived from 2d. 
The signal in Figure 4.7a can not be simulated to fit an AA'BB' pattern. Such 
a pattern could arise if one of the C2v symmetry planes of the basket of 5 would 
laterally bisect one of the T¿ symmetry planes of the metal complex. Probably, the 
metal complex part is slightly twisted with respect to the receptor molecule 
thereby cancelling the symmetry in the system. As a result all the phosphorus 
atoms become chemically and magnetically unequivalent. When extra Р(ОРЬ)з is 
added the fine structure of the 3 1 P NMR signal is lost probably as a result of 
broadening due to ligand exchange. Additionally, the signal sharpens because 
compound 5b becomes dominant (Figure 4.7b). 
The signal of the hydride ligand in the high field XH NMR spectrum of 5 
was broadened, probably for two reasons: (i) the nonequivalence of the phospho-
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rus atoms, and (it) the fact that the two pairs of faces of the rhodium tetrahedron 
are unequal: the hydride ligand can point towards the cavity or away from it. In 
Figure 4.9 this hydride signal is shown for a solution of 5 containing approxi­
mately 4 additional equivalents of Р(ОРЬ)з. The sharp signals originating from 
structure 5b are superimposed on the broad signals of structure 5a. 
Compound 5 could also be obtained by an exchange reaction in which two of 
the P(OPh>3 ligands of HRh[P(OPh)3J4 are displaced by the phosphite ligands of 2d. 
After addition of an equimolar amount of HRh[P(OPh)3]4 to a solution of 2d in 
chloroform signals for 5, for the uncoordinated phosphites of 2d, as well as for 
free P(OPh>3 were visible in the 3 1 P NMR spectrum. By integration of these 
signals the equilibrium constant for the process 5a + Р(ОРЬ)з # 5b could be 
determined. This constant amounted to K
a
b = 0.034 M"1. This value implies that 
in the presence of two extra equivalents of Р(ОРЬ)з still 94% of the rhodium is in 
the chelated form 5a. If only one additional equivalent of phosphite is present 
this percentage is 97%. Apparently, in spite of the fact that 2d has a large ring the 
ligand exerts a substantial chelate effect. 
— ι 1 ι 1 1 — 
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Figure 4.9. Hydride region of the 1H NMR spectrum of 5 in CDCI3 in 
the presence of approx. 4 additional equivalents of РЮРЮ3. The signals 
of structure 5b are superimposed on the broad signals of structure 5a. 
4.6 Rh(l)-carbonyl Hydride Complexes 
Bubbling CO through a solution of 5 in chloroform led to the displacement 
of one of the Р(ОРЬ)з ligands, and the formation the carbonyl hydride cage 6. 
Compound 6 could also be obtained directly by treating 3a, 3b or 3c with a mixture 
of CO and H2 in the presence of a small excess of Р(ОРЬ)з. 
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The model compound [НЮі(СО)[Р(ОРп)з]з] has a trigonal bipyrimidal struc­
ture and exhibits only one doublet in its 3 1 P NMR spectrum, due to the equiva­
lence of the P-atoms and the very small cis P-Η coupling.23 In the case of metal-
locage 6 the 31P{ïH) NMR spectrum showed a complex doublet at approximately 
138.6 ppm (jRh-p = 239 Hz). Again, the pattern of the signals was dependent on 
the amount of additional triphenylphosphite present in solution (Figure 4.10). 
Most likely, also in the case of 6 an equilibrium is established between the 
chelated form and a form in which one of the phosphites of 2d is replaced by a 
free Р(ОРЬ)з ligand. Unfortunately, each of the two forms gives rise to complex 
signals which are not distinguishable. Therefore, no further details could be 
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Figure 4.10. 31P{1H) NMR spectra of compound 6 with different amounts of additional P(OPh)¡ 
present: with a large excess of РЮРЮз (a), a small amount of РЮРЮ3 (b), and after isolation (no 
additional P(OPh)3) (c). 
Isolation of compound 6 was achieved by precipitation in hexane. However, 
this isolation was accompanied with loss of CO, and partially resulted in the for­
mation of the hydride compound 5. After redissolving the solid material and 
bubbling CO through the solution complex 6 was generated again. 
4.7 Binding Properties 
Recent studies in our group have shown that basket-shaped compounds of 
type 2 can complex dihydroxybenzene guests.24 Binding occurs by means of 
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hydrogen-bonds between the hydroxyl substituents of the guest and the carbonyl 
functions of the glycoluril unit and depending on the type of guest also by hydro­
gen bonding with the crown ether fragments. In addition to this the host-guest 
complex is stabilized by π-stacking interactions between the benzene ring of the 
guest and the aromatic side-walls of the host. The binding properties of the 
metallohosts were evaluated by JH and 3 1 P NMR spectroscopy monitoring the 
shifts and intensities of appropriate signals of the host-guest complex. 
The addition of a substrate was found to affect the conformational behavior 
of complexes 3a-c considerably (Figure 4.11). In the presence of resorcinol, the 
signals for the ^-conformation in the 3 1 P NMR spectra dissappeared completely. 
Apparently, the substrate dispels the aromatic ring of the triphenylphosphite 
ligand out of the cleft. Furthermore, the binding of a substrate induced a change 
Figure 4.11. 31Р(ІЩ NMR spectra of 3a (a), 3b (b) and Зс (c) in the presence of approx. 0.5 equiv. 
of resorcinol. 
of the D2- into the Ui-conformation, probably because the latter has a less strained 
cavity. After approximately two equivalents of substrate hardly any D2-conformer 
was left. At that point the 31P-signals of the Ui conformer had slightly shifted to 
lower field (-0.1 ppm), whereas the signals of the D2 conformer had strongly 
shifted to higher field (-0.4 ppm). For 3a addition of 1 equivalent of resorcinol did 
not result in the disappearance of the 3 1 P signal the Di-conformation. Only after 5 
equivalents of substrate had been added this signal weakened, indicating that the 
compact Dj structure with the acetylacetone ligand bent into the cavity, is very 
stable. Titration experiments with resorcinol gave association constants of K
a
 = 
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3100 M"1 for За and K
a
 = 2850 M"1 for 3b, in good agreement with the values 
measured for the reference compounds la and 2e (see Table 4.II). 
It was not possible to manipulate solutions of the hydride complex 5 and the 
carbonyl hydride 6 to such an extent that association constants for these com­
plexes could be determined quantitatively. However, the observed shifts of mix­
tures of resorcinol and 5 or 6 indicated that the K
a
-values are in the same range 
as for 3 (-3000 M - 1). After addition of resorcinol to a solution of 5 in chloroform 
Table 4.11. Association constants of complexes between different hosts 

















 Estimated error: 10-15% 
the signals in the 3 1 P NMR spectrum sharpened and the second order effects 
dissapeared. This suggests that the binding of the substrate forces the system to 
adopt a more symmetrical geometry. Possibly, the metal complex part is lifted a 
little with respect to the receptor molecule, which restores the tetrahedral 
arrangement of the phosphites around the metal center. 
4.8 Modeling Experiments 
As we will report in the next chapter metallocages of type 5 and 6 are 
selective catalysts for the hydrogénation and isomerisation of allyl substituted 
aromatic substrates bound in their cavities. In order to obtain an impression of 
the structure of the supramolecular catalytic system, the structure of the hydride-
complex 5 was built using the QUANTA molecular modeling package.25 The 
molecular mechanics (MM) energy of 5 was minimized with the CHARMm force 
field (version 21.3).26 As no force field parameters were available for the Rh 
atom, only valence bond, electrostatic and repulsive van der Waals interactions 
were taken into account during all MM computations. The structure of the sub-
strate 4-allylcatechol was also calculated and subsequently docked into the cleft of 
5. The resulting molecular ensemble was MM minimized. 
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Using this configuration as a starting point preliminary Molecular Dyna­
mica (MD) calculations were performed in vacuo. The structure was heated to 300 
К in 5 psec followed by 15 ps of simulation. Although such a run is too short to 
obtain detailed information, it provides some information about the conforma­
tional flexibility of the host guest complex. Analyzing the trajectory of the MD 
run (Figure 4.12, top) it can be seen that the energy does not fluctuate significantly 
during the simulation and that the largest difference in the total energy of the 
system is 0.7 kcal/mol. The kinetic and potential energies also remain nearly 
constant. 
a b 
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Figure 4.12. Structures of the complex between metallohost 5 and 4-allylcatechol as obtained by 
MD-simuktion after 2.5 ps (a) and after 4.7 ps (b). 
After 2.5 psec of simulation (Figure 4.12a) the metal complex is located 
above the cavity and the substrate has a tilted position. The substrate nicely fits 
into the cavity of 5, bringing the alkene part in close proximity to the catalytically 
active metal center. The intramolecular hydrogen bond between the two 
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with only one hydroxyl group to one of the carbonyl moieties of the receptor 
molecule. 
About 2.2 ps later (Figure 4.12b) the metal complex has moved away from 
the diphenylglycoluril framework, allowing the substrate to partially leave the 
now open cavity. During the remainder of the simulation the substrate is 
retrieved and the metallohost adopts a conformation which is comparable to the 
starting one. From these preliminary calculations one can conclude that the 
metal complex part can move rather independently from the framework of the 
molecule without being hampered by a large energy barrier. This is in agreement 
with the results from the NOE-experiments of compounds 3a-c. 
4.9 Experimental Section 
General. Unless indicated otherwise, commercial products were used as 
received. Hexane and toluene were distilled under a nitrogen atmosphere from 
sodium ketyl. Dichloromethane and tetrahydrofurane were distilled from 
L1AIH4. Chloroform and chloroform-de were distilled from P2O5. All solvents 
were stored on molecular sieves under an inert atmosphere. 1 H NMR spectra 
were recorded on Bruker WH-90, Bruker AC-100, Bruker WM-200, and Bruker 
AM-400 instruments. Chemical shifts (δ) are reported in ppm downfield from 
internal (СНз^Бі. Abbreviations used are s = singlet, d = doublet, t = triplet, q = 
quartet, qu = quintet, m = multiplet, and br = broad. 3 1 P NMR spectra were 
recorded on Bruker WM-200 and Bruker AM-400 instruments. Chemical shifts 
(δ) are reported in ppm downfield from external ОР(ОМе)з. FAB mass spectra 
were recorded on a VG 7070E instrument, the matrix used was m-nitrobenzyl 
alcohol. Elemental analyses were determined with a Carlo Erba Ea 1108 instru­
ment. IR spectra were recorded on a Perkin Elmer IRFT spectrometer 1720-X. For 
column chromatography Merck Silica Gel (60H) was used. For thin layer chro­
matography we employed Merck Silica Gel 60 F254 plates. 
Cyano-4-methoxymethoxybenzene. This compound was prepared according 
to a literature procedure: 2 7 16 g (0.2 mmol) of chloromethyl ether was added 
dropwise to a vigorously stirred two-phase system consisting of 5.96 g (50 mmol) 
of 4-cyanophenol, 3 g (7.5 mmol) of Aliquat® in 250 mL of dichloromethane, and 
3 g (75 mmol) of sodium hydroxide in 100 mL of water. After TLC (eluent: ace-
tone-hexane = 1 : 4 v/v) had indicated the disappearence of the 4-cyanophenol, 
the layers were separated, and the water layer was extracted twice with CH2CI2. 
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The combined organic layers were dried (MgSOii) and the solvent was removed 
inder reduced pressure. The product was purified by column chromatography 
[silica, eluent: aceton-hexane = 1:4, v/v) to yield 4.23 g (52%) of a yellowish oil 
hat solidified on cooling: ^H NMR (90 MHz, CDCI3) δ 7.59 (d, 2Η, ArH (J = 9 Hz), 
7.09 (d, 2H, ArH (J = 9 Hz), 5.22 (s, 2H, OCH 20), 3.48 (s, 3H, OCH3). 
ρ - Methoxymethoxybenzylamine. This compound was prepared according 
:o a literature procedure 2 8 using 4.2 g (25.7 mmol) of cyano-4-methoxymethoxy-
jenzene, 1.47 g (38.6 mmol) of lithium alluminium hydride and 1.89 g (19.3 
mmol) of sulphuric acid in 80 mL of tetrahydrofurane. Yield 3.2 g (75%) of 
product as a yellow oil: Ш NMR (90 MHz, CDCI3) δ 7.23 (d, 2H, ArH (J = 9 Hz), 
7.00 (d, 2H, ArH (J = 9 Hz), 5.16 (s, 2H, OCH 2 0), 3.80 (s, 2H, ArCH2), 3.47 (s, 3H, 
DCH3),1.66(s,2H,NH2). 
5,7,12,13b,13c,14-Hexahydro-l,4,8,ll-tetrakis[2-(2-chloroethoxy)ethoxy]-13b/ 
L3c-diphenyl - 6Я,13Н-5а,6а,12а,1Эа - tetraazabenz[5,6]azuleno[2,l,8 -i/«]benz[f]azu-
lene-6,13-dione (lb). This compound was synthesized as described in ref. 13. 
2a, 8, 9,12 ,13,14,15,17,18, 25, 26, 29, 30, 31, 32, 34, 35, 38b-Octadecahydro-
ia,38b-diphenyl-13,30-bis[4-(methoxymethoxy)-phenylmethyl]-lii, 4H-6,37:20,23-
iietheno-2, 22:3, 21-dimethano-5H, 11H , 28H, 38H ,-7,10,16,19, 24, 27, 33, 36-
эсІаоха-2,3, 4a, 13, 30, 38a- hexaazacyclopenta[cíí]cyclotetratriacont[^]azulene-l, 4 
dione (2b). This compound was prepared according to a procedure developed in 
эиг l a b o r a t o r y 1 3 using 5 g (5.1 mmol) of l b , 2.52 g (15.2 mmol) of ρ 
methoxymethoxybenzylamine, 16.25 g of Na2CC>3 (0.15 mol), and 50 g of Nal in 
1.5 L of acetonitrile. The product was purified by column chromatography using 
gradient elution (silica, eluent: CHCljwith 1% Et3N and 0.5%-l% methanol). 
УіеЫ 4.45 g (75%) of white 2b : Ш NMR (90 MHz, CDCI3): δ 7.31 (d, 4H, ArH, J = 9 
Hz), 7.11 (s, 10H, ArH), 6.98 (d, 4H, ArH, J = 9 Hz), 6.74 (s, 4H, ArH), 5.69 (d, 4H, Ar-
ZHH-N, J = 16 Hz), 5.18 (s, 4H, OCH 2 0) 4.26- 3.57 (m, 32H, ArOCH 2 CH 2 OCH 2 , 
ArCHHN, NCH2Ar), 2.89 (tr, 8H, CH 2N, J = 6 Hz); FAB-MS: m/z 1178 ([M+H]+); 
knal. caled, for СббН 7 6 ^Оі4-Н 2 0: С 66.32, Η 6.58, Ν 7.03; found: С 66.56, Η 6.26, Ν 
7.04%. 
2а, 8, 9,12 ,13,14,15,17,18, 25, 26, 29, 30, 31, 32, 34, 35, 38b-Octadecahydro-
2a,38b-diphenyl-13,30-bis(4-hydroxyphenylmethyl)-lH, 4H-6,37:20,23-dietheno-2, 
Σ2:3, 21-dimethano-5H, 11Я, 28H, 38H ,-7,10,16,19, 24, 27, 33, 36-octaoxa-2,3, 4a, 
13, 30, 38a- hexaazacyclopenta[cd]cyclotetratriacont[g]azulene-l, 4 dione 
dihydrochloride [2c>2HCl]. To a solution of 2.5 g (2.1 mmol) of compound 2b in a 
.mixture of 50 mL of THF and 50 mL of ι -propyl alcohol was added dropwise 10 
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mL of concentrated aqueous HCl (30%). After stirring for 3 hrs the solution was 
evaporated to dryness and the resulting solid material dried under high vacuum, 
to give 2.45 g (100%) of white 2с-2НС1: ІН NMR (100 MHz, DMSO-d6) δ 10.4 (br, 
2H, -N+-H), 7.56-7.43 (m, 4H, ArH), 7.15 (s, 10H, ArH), 6.97-6.60 (m, 4H, ArH), 6.62 
(s, 4H, ArH), 5.51 (2H, ArCHH-N, J = 16 Hz), 5.45 (d, 2H, ArCHHN, J = 16 Hz), 4.7-
3.2 (br, 40H, АЮСН2СН2ОСН2, ArCHHN, CH2N); IR (Csl) :v [cm-1] = 3448 (OH, 
br), 1691 (NC(O)N), 1467 (CH2), 1260 (ArOC), 1131 (COC); FAB-MS: m/z 1089 
([2c+H]+), 545 (H2c+2H]+); Anal, caled, for СбгНбв^Оіг-ЗНСІНгО: С 62.21, Η 6.05, 
Ν 6.91; found: С 61.99, Η 6.04, Ν 6.80%. 
The compound can be deprotonated to 2c with a NaHC03/NaOH buffer of 
pH = 9.75 (2.1 g of NaHCOs and 0.4 g of NaOH in 600 mL water): a H NMR (400 
MHz, CDCI3) δ 7.16-7.10 (m, ЮН, ArH), 6.93 (d, 4H, ArH, J = 7.5 Hz), 6.32 (s, 4H, 
ArH), 6.23 (d, 4Н, ArH, J = 7.5 Hz), 5.67 (4Н, ArCHHN, J = 16 Hz), 4.02-3.60 (32H, 
АГОСН2СН2ОСН2, ArCHHN, NCH2Ar), 2.79 (s br, 8H, CH2N); IR (CDCI3) :v [enr 
Ц = 3604 (ArOH free), 3327 (АЮН bridged), 1716, 1692 (NC(O)N), 1261 (ArOC); 
FAB-MS: m/z 1089 ([M+H]+); Anal, caled, for С 6 2 Н б 8 ^ 0 і 2 ^ а С 1 Н 2 0 : С 63.88, H 
6.05, Ν 7.21; found: С 64.73, Η 6.05, Ν 7.04%. 
2а, 8, 9,12 ,13,14,15,17,18, 25, 26, 29, 30, 31, 32, 34, 35, 38b-Octadecahydro-
2a,38b-diphenyl-13,30-bis[4-(diphenylphosphito)-phenylmethyl]-lH, 4H-6, 37:20, 
23-dietheno-2, 22:3, 21-dimethano-5H, 11Я, 28H, 38H ,-7,10,16,19, 24,27, 33,36-
octaoxa-2, 3, 4a, 13, 30, 38a- hexaazacyclopenta[c<i]cyclotetratriacont[#]azulene-l, 4 
dione (2d). Under an inert atmosphere 2.7 g (10.8 mmol) of diphenylphospho-
chloridite was slowly added to a solution containing 2.5 g (2.15 mmol) of 2c-2HCl, 
30 mL of CH2CI2 and 2.1 mL (15.1 mmol) of Et3N. The mixture was refluxed for 
2.5 hrs. with stirring. The reaction volume was reduced to 5 mL and added drop-
wise to 150 mL of dry hexane. The resulting precipitate was filtered off, washed 
twice with hexane, and dried under vacuum. The solid was dissolved in 100 mL 
of CH2CI2 and washed 4x with a NaHC03/NaOH buffer (pH=9.5). The organic 
layer was dried (MgS04), evaporated to dryness and the resulting product was 
dried under high vaccuum. Yield 3.09 g (94%) of foamy white 2d: 3 1 P NMR (80 
MHz, CDCI3) δ 125.9; Ή NMR (400 MHz, CDCI3): δ 7.36-7.04 (m, 38H, ArH), 6.68 (s, 
4H, ArH), 5.66 (d, 4H, ArCHHN, J = 16 Hz), 4.15- 3.67 (m, 32H, АЮСН2СН2ОСН2, 
ArCHHN, NCH2Ar), 2.89 (tr, 8H, CH 2 N, J = 5.6 Hz); 1 3 C NMR (100 MHz, CDCI3): 
δ 157.5 (C=0), 151.7,129.6,120.7,124.2 (Ar phosphites), 150.4,134.0,129.3,119.1 (Ar 
spacer arms), 150.7, 128.6, 113.8 (Ar side-walls), 130.2, 128.6-128.3 (Ar glycoluril), 
85.1 (glycoluril), 69.9, 69.6, 69.4 (CO crown), 59.1 (NC spacer), 53.7 (NC crown), 36.9 
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(NC glycoluril); IR (Csl) :v [cm"1] = 1712 (NC(O)N), 1197 (POPh), 504 (P(OR)3); 
FAB-MS: m/z 1522 ([M+H]+); Anal, caled, for С 8 б Н 8 б ^ О і 6 Р 2 : С 67.89, H 5.70, Ν 
5.52; found: С 67.47, Η 5.84, Ν 5.29%. 
Rhodium dicaibonyl dibenzoylmethanoate [(dbnORMCObl. This complex 
was prepared according to a modified literature procedure:2 9 200 mg (0.76 mmol) 
of RhCl3-3H20 and 0.5 g (2.23 mmol) of dibenzoylmethane in 4 mL of dimethyl-
formamide was refluxed for lh. During that time the solution became orange. 
After cooling, 10 mL of a 0.5N aqueous NaOH solution was added and the dark 
precipitate was filtered off, subsequently washed with water, cold ethanol, cold 
ether, and dried. The product was extracted from the solid material with hot 
hexane. After evaporation of the solvent 142 mg (49%) of (dbm)Rh(CO)2 was 
obtained as orange flakes: *Н NMR (90 MHz, CDCI3) δ 8.83-7.77 (m, 4Η, о-АгН), 
7.66-7.31 (m, 6Н, m- and р-АгН), 6.94 (s, IH, CH); IR (Csl) :v [cm"1] = 2963 (ArH), 
2079, 2002 (RhCO), 1541 (CO diketonate), 519 (RhO), Anal, caled, for C i 7 H i i 0 4 R h : 
С 53.43, H 2.90; found: С 54.36, H 2.98%. 
Rhodium dicarbonyl dipivaloylmethanoate t(dpm)Rh(CO>2]. This complex 
was prepared as described for (dbm)Rh(CO)2 using 200 mg (0.76 mmol) of 
RhCl 3-3H 20 and 0.42 g (2.28 mmol) of dipivaloylmethane in 4 mL of DMF. Yield 
196 mg (75%) of (dpm)Rh(CO)2 as flakes with characteristic red-green dichroism: 
ІН NMR (90 MHz, CDCI3) 6 5.44 (s, IH, CH), 0.64 (s, 18H, CH3); IR (Csl) :v [спИ] = 
2067, 2011 (RhCO), 1548 (CO diketonate), 1362 (C(CH3)3), 474 (RhO); Anal, caled, 
for Ci 3 Hi 9 0 4 Rh: С 45.63, H 5.6; found: С 45.71, H 5.56%. 
Compound За. To a solution of 200 mg (0.14 mmol) of ligand 2d in 20 mL of 
CHC13 was added 35.4 mg (0.14 mmol) of (acac)Rh(CO)2- Argon was led through 
the solution for 15 min. to remove the released carbon monoxide. The product 
was precipitated by first reducing the solvent volume to 2 mL and subsequently 
adding the resulting solution dropwise to 25 mL of hexane. After filtration and 
drying under vacuum 201 mg (85%) of 3a as a yellow solid was obtained: 3 1 P 
NMR (80 MHz, CDC13): δ 121.4,121.3,121.2,120.2 (d, jRh-p = 304 Hz) (see text); Ή 
NMR (400 MHz, CDC13): δ 7.33-7.01 (m, 38H, ArH), 6.67-6.56 (m, 4H, ArH), 5.67-
5.61 (several d, 4H, ArCHHN, J = 16 Hz), 5.073 and 5.067 (2 s, IH; MeCCHCMe), 
4.12-3.65 (m, 32H, NCH 2Ar, C H 2 0 , ArCHHN), 2.88 and 2.82-2.73 (br and m, 8H, 
CH 2N), 1.51 and 1.50 (2 s, 6H, CH3); IR (Csl) : ν [cm"1] = 1715 (NC(O)N), 1580 (CC, 
diketone), 1197 (POPh), 596 (diketone); FAB-MS: m/z 1723 (M+); Anal, caled, for 
C9iH93N6Oi8P2Rh: С 63.41, H 5.44, N 4.88; found: С 63.48, H 5.38, Ν 4.87%. 
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Compound 3b. This compound was prepared in the same way as 3a, using 
195 mg (0.13 mmol) of ligand 2d and 49 mg (0.13 mmol) of (dbm)Rh(CO)2. Yield 
200 mg (85%) of 3b as a yellow solid: 3 1 P NMR (80 MHz, CDCI3): δ 120.7, 120.5, 
119.1 (d, jRh-p = 304 Hz) (see text); Ш NMR (400 MHz, CDCI3): δ 7.89-6.92 (m, 48H, 
АгН), 6.78-6.51 (m, 4H, ArH), 6.55 and 6.49 (2 s, 1 H, ArCCHCAr), 5.63 and 5.62 (2 
d, 4H, ArCHHN, J = 16 Hz), 4.07-3.64 (m br, 32H; NCH2Ar, C H 2 0 , ArCHHN), 2.84 
and 2.79-2.63 (br and m, 8H, CH2N); IR (Csl) : ν [cm"1] = 1712 (NC(O)N), 1591 (C-C, 
diketone), 1194 (POPh), 592 (diketone); Anal, caled, for CioiH 9 7N 6 Oi 8 P 2 Rh: С 
65.65, H 5.29, N 4.55; found: С 65.80, H 5.29, N 4.40%. 
Compound 3c. This compoud was prepared in the same way as 3a using 180 
mg (0.12 mmol) of ligand 2d and 40 mg (0.12 mmol) of (dpm)Rh(CO)2. Yield 200 
mg (85%) of 3b as a yellow solid: 3ip NMR (80 MHz, CDCI3): δ 121.2,121.0,119.6 (d, 
ÏRh-P = 304 Hz) (see text); Ή NMR (400 MHz, CDCI3): δ 7.36-6.98 (m, 48Η, ArH), 
6.67-6.58 (m, 4H, ArH, ArCCHCAr), 5.64 (d br, 4H, ArCHHN, J = 16 Hz), 4.12-3.65 
(m, 32H; NCH2Ar, C H 2 0 , ArCHHN), 2.88 and 2.82-2.68 (br and m, 8H, CH 2N), 0.86 
and 0.84 (2 s, 18H, C(CH3)3); IR (Csl) : ν [спН] = 1716 (NC(O)N), 1594 (C-C, dike­
tone), 1359 (С(СНз)з), 1199 (POPh), 596 (diketone); Anal, caled, for 
C97Hio5N6Oi8P2Rh: С 64.45, H 5.85, N 4.65; found: С 64.43, H 5.85, N 4.67%. 
Complex 5. This compound was prepared by following the same procedure 
as described for compound 3a. An extra amount of 90 mg (0.29 mmol) Р(ОРЬ)з 
was added and the reaction mixture was stirred for 12 hrs. under 10 atm. of 
hydrogen pressure. The complex was precipitated by first reducing the solvent 
volume to 2 mL and subsequently adding the resulting solution dropwise to 25 
mL of hexane. Complex 5 could also be prepared by the addition of 41 mg (30 
mmol) of HRh[P(OPh)3l4 to a solution of 46 mg (30 mmol) of ligand 2d in CHCI3. 
" P O H } NMR (80 MHz, CDCI3): δ 127.6 (d br, J R h .p = 229 Hz) (see Figure 4.7); Щ 
NMR (200 MHz, CDCI3): δ 7.6-6.4 (m, 72H, ArH), 5.63 (d br, 4H, ArCHHN, J = 16 
Hz), 4.3-3.35 (m, 32H; NCH2Ar, C H 2 0 , ArCHHN), 3.15-2.65 (br, 8H, CH 2N), -11.0 
(qu br, IH, RhH) (see Figure 4.9); Due to its limited stability no satisfying elemen­
tal analysis could be obtained for this product. 
Complex 6. A solution of 140 mg (92 μιηοΐ) of 2d, 24 mg (92μπιο1) of 
(acac)Rh(CO)2 and 71 mg (0.23 mol) of P(OPh)3 in 10 mL of CHCI3 was stirred for 
14 hrs. under a H2/CO-atmosphere (10 bar, H2/CO=3/l). Isolation of the complex 
was achieved by precipitation in hexane, but was accompanied with loss of CO. 
As a result no reproducible elemental analyses could be obtained. Complex 6 
could also be preprared by bubbling a stream of CO through a solution of complex 
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5 in CHCI3. 31p{lH) NMR (80 MHz, CDCI3): δ 138.6 (d m, JR h.p = 239 Hz) (see 
Figure 4.10); Ш NMR (200 MHz, CDCI3): δ 7.6-6.5 (m, 57H, ArH), 5.63 (d br, 4H, 
ArCHHN, J = 16 Hz), 4.3-3.5 (m, 32H; NCH2Ar, CH20, ArCHHN), 3.2-2.6 (br, 8H, 
CH2N), -10.6 (m, IH, RhH) 
References 
1
 (a) Gokel, G. W. Crown Ethers and Cryptands, Royal Society of Chemistry; Cambridge, 1991; 
(b) Diederich, F. Cyclophanes; Royal Society of Chemistry; Cambridge, 1991; For other 
examples see: (c) Fan, E.; Vanarman, S. Α.; Kincaid, S. Hamilton, A. D. ]. Am. Chem. Soc, 1993, 
115, 369; (d) Yoon, S. S.; Still, W. С ibid., 823; (d) Rebek, J., Jr.; Nemeth, D. ibid., 1985,107, 
6738; (e) Schmitchen, F. P. Tetrahedron Lett., 1989,30, 4493; (0 Dougherty, D. Α.; Stauffer, D. 
A. Science, 1990,250,1558. 
2
 See for example: (a) Nijenhuis, W. F.; Buitenhuis, E. G.; de Jong, F.; Sudhölter, E. J. R.; 
Reinhoudt, D. N. ƒ. Am. Chem. Soc., 1991,113, 7963; (b) Pregel, M. J.; Jullien, L.; Lehn, J.-M. 
Angew. Chem., 1992,204, 1695; (c) Roks, M. F. M; Nolte, R. J. M. Macromoiecules, 1992, 25, 5398; 
(d) van Straaten-Nijenhuis, W. F.; van Doom, A. R.; Reichwein, A. M; de Jong, F.; Reinhoudt, 
D. N. ƒ. Org. Chem., 1993,58, 2265; (e) Rebek, J., Jr.; Askew, В.; Nemeth, D.; Parris, K. ƒ. Am. 
Chem. Soc., 1987,109, 2432. 
3
 See for example: (a) Beer, P. D. Chem. Soc. Rev., 1989,18, 409; (b) Shinkai, S. Pure Appi. 
Chem., 1987,59, 425; (c) Sabbatini, N ; Guardigli, M.; Lehn, J.-M. Coord. Chem. Rev., 1993,123, 
201; (d) Cobben, P. L. H. M.; Egberink, R. J. M.; Bomer, J. G.; Bergveld, P.; Verboom, W.; 
Reinhoudt, D. N. /. Am. Chem. Soc., 1992,114, 10573. 
4
 (a) Nowick, J. S.; Feng, Q.; Tjivikua, T.; Ballester, P.; Rebek, J., Jr. ƒ. Am. Chem. Soc., 1991,113, 
8831; (b) Park, T. K.; Feng, Q.; Rebek, J., Jr. ibid., 1992,114,4529. 
^ See for example: (a) Tabushi, I. Ace. Chem. Res., 1982,15, 66; (b) Anslyn, E.; Breslow, R. J. Am. 
Chem. Soc, 1989, 111, 8931; (c) Kelly, T. R.; Bridger, T. J.; Zhao, С J. Am. Chem. Soc, 1990, 212, 
8024; (d) Walter, С J.; Anderson, H. L.; Sanders, J. K. M. ƒ. Chem. Soc, Chem. Commun., 1993, 
458. 
6
 Meade T. J.; Busch, D. H. Prog, lnorg. Chem., 1985,33,59. 
^ (a) Breslow, R.; Overman, L. E. ƒ. Am. Chem. Soc, 1970,92,1075; (b) Komiyama, M.; Matsumoto, 
Y. Chem. Lett, 1989, 719. 
8
 (a) Baldwin, J. E.; Perlmutter, P. Topp. Cur. Chem., 1984,122, 181; (b) Mansuy, D. Pure Appi. 
Chem., 1987,59, 759; (c) Groves, J. T.; Viski, P. J. Am. Chem. Soc, 1989, 111, 8537; J. Org. Chem., 
1990, 55, 3628; (d) Coliman, J. P.; Zhang, X.; Lee, V. J.; Brauman, J. I. J. Chem. Soc, Chem. 
Commun., 1992,1647. 
9
 Smeets, J. W. H.; Sijbesma, R. P.; Niele, F. G. M.; Spek, A. L.; Smeets, W. J. J.; Nolte, R. J. M. /. 
Am. Chem. Soc, 1987,109, 928. 
1 0
 (a) Smeets, J. W. H.; Sijbesma, R. P.; van Dalen, L.; Spek, A. L.; Smeets, W. J. J.; Nolte, R. J. M. ƒ. 
Org. Chem., 1989, 54, 3710; (b) Smeets, J. W. R; Visser, H. С; Kaats-Richters, V. E. M.; Nolte, 
R. J. M. Red. Trav. Chim. Pays-Bas, 1990,109, 147. 
1 1
 Sijbesma, R. P.; Bosman, W. P.; Nolte, R. J. M. ƒ. Chem. Soc, Chem. Commun., 1991, 885. 
1 2
 (a) Pearson, R. G. ƒ. Am. Chem. Soc, 1963,85, 3533; (b) Hancock, R. D.; Martell, A. E. Chem. 
Rev. 1989,89,1875. 
13 Sijbesma, R. P.; Nolte, R. J. M. Reel. Trav. Chim. Pays-Bas, in press. 
14 Vinogradov, S. Ν.; Linnell, R. H. Hydrogen Bonding ; Van Nostrand Reinhold Company; New 
York, 1971; Chapter 3 and 6. 
15 The ν (C=0) of the free host molecule is split into at least two bands, probably caused by 
coupling of the C=0 vibration with the C-N stretching vibration. See: R.P Sijbesma, PhD 
thesis, University of Nijmegen, 1992, and ref 13. 
68 Chapter 4 
16 (a) Trzeciak, A. M.; Zióíkowski, J. J. Inorg. Chim. Acta 1982, 64, L267; (b) van Eldik, R.; Aygen, 
S.; Keim, H.; Trzeciak, A. M.; Zióíkowski, J. J. Trans. Met. Chem., 1985,10,167. 
1 7
 Garrou, P.E. Chem. Rev., 1981,81, 229. 
18 (a) Derome, A. E. Modern NMR Techniques for Chemistry Research; Pergamon Press Ltd.; 
Oxford, 1987; (b) Sanders, J. K. M.; Hunter, B. K. Modern NMR Spectroscopy; Oxford University 
Press; Oxford, 1987. 
1' Ernst, R. R.; Bodenhausen, G.; Wokaun, A. Principles of NMR in One and Two Dimensions, 
Clarendon Press; Oxford, 1987. 
2 0
 Lipari, G.; Szabo, A. ƒ. Am. Chem. Soc, 1982,104, 4546. 
21 (a) Levison, J. J.; Robinson, S. D. ]. Chem. Soc, Chem. Commun., 1968,1045. (b) Coolen, Η. Κ. Α. 
С; Nolte, R. J. M.; van Leeuwen, P. W. Ν. M. to be published. 
2 2
 Pregosin, P. S.; Kunz, R. W. 31P and Î 3 C NMR of Transition Metal Phosphine Complexes. 
(NMR, Basic Principles and Progress, part 16),2nd Ed, Diehl, P.; Fluck, E.; Kosfeld, R., Eds.; 
Springer-Verlag; Berlin, 1979. 
2 3
 Trzeciak, A. M.; Zióíkowski, J. J.; Aygcn, S.; van Eldik, R. J. Mol. Cat., 1986,34, 337. The 
complex HRh(CO)3P, Ρ = tri(o-t-butylphenyl)phosphite also displayed a very small cis P-H 
coupling, cf.: Jongsma, T.; Challa, G.; van Leeuwen, P. W. Ν. Μ. J. Organomet. Chem., 1991,421, 
121. 
2 4
 (a) Sijbesma, R. P.; Kentgens, A. P. M.; Nolte, R. J. M. /. Org. Chem., 1991,56, 3199; (b) Sijbesma, 
R. P.; Nolte, R. J. M. ƒ. Org. Chem., 1991,56,3122. 
25 Quanta/CHARMm molecular modeling software, distributed by Molecular Simulations Inc., 16 
New England Executive Park, Burlington, MA 01803-5297 USA. 
2 6
 (a) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; Swaminathan, S.; Karplus, M. ƒ. 
Сотр. Chem., 1983,4, 187; (b) Smith, J. C; Karplus, M. /. Am. Chem. Soc, 1992,114, 801. 
2 7
 van Heerden, F. R.; van Zyl, J. J.; Rail, G. J. H.; Brandt, E. V.; Roux, D. G. Tetrahedron Lett. 
1978,661. 
2 8
 Yoon, N. M., Brown, H. С J. Am. Chem. Soc, 1968,90, 2927. 
2 9
 Varshavskiy Yu. S.; Cherkasova, T. G. Russ. ]. Inorg. Chem. 1967,12, 899. 
«ШАРЛИ § 
Substrate Selective Catalysis by Rhodium 
Metallohosts 
5.1 Introduction 
The realization of high selectivity in catalytic conversions has been a major 
challenge in chemistry for many years. Impressive progress has been made in the 
last decades particularly in the area of asymmetric synthesis1 using optically 
active metal catalysts2 or chiral auxiliary groups3. The selectivity in these cases 
arises from the ability of the catalyst to discriminate between the transition states 
which lead to the different reaction products. This discrimination is based on 
subtle interactions between the catalyst and the compound to be converted. 
The rapidly expanding field of supramolecular chemistry has opened up 
intriguing possibilities to design catalysts which function according to the princi­
ples of substrate selectivity also displayed by enzymes. In these catalysts the selec­
tivity is in principle achieved by the recognition of the substrate by the receptor. 
As described in Chapter 2 several examples of such synthetic catalytic systems -
also called synzymes- have been reported in the literature. Since the pioneering 
work of Breslow4 and Tabushi5 several types of host molecules5"8 have been 
provided with organic basic9 or acidic10 catalytic functions. In some cases these 
groups accelerate reactions in a cooperative manner, in this way mimicking 
enzymatic processes. Supramolecular catalysis with metal centers has been 
explored to a much lesser extent. Several host molecules containing transition 
metal complexes have been described,11 but very little catalysis has been achieved 
with such systems. 
In this chapter we will examine the catalytic activity of the metallohost 
described in Chapter 4. The reactivity of this catalyst and its affinity for substrates 
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will be compared with that of the corresponding catalyst without a binding site, 
either HRh(CO)[P(OPh)3]3 or HRh[P(OPh)3]4. The catalytic properties of the latter 
complex was the subject of Chapter 3. Features also known from enzymatic pro­
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5.2 Supramolecular Catalyst 
The relevant features of the supramolecular catalyst described in the pre­
vious chapter will be summarized shortly. The system is based on the clip 
molecule l, 1 2 which serves as a frame for the basket-shaped receptor 2a. This 
compound can be easily functionalized with (triaryl)phosphite ligands to give the 
receptor ligand 2b. Addition of (acac)Rh(CO>2 to the latter compound results in 
the displacement of the two CO-ligands from the rhodium complex and the for­
mation of the Rh(I)-diketone complex 3. Subsequent reaction with H2 in the 
presence of a small excess of additional triphenylphosphite yields the rhodium(I) 
hydride complex 4. A similar reaction with H2 and CO leads to the rhodium(I) 
carbonylhydride complex 5. When an excess of P(OPh)a is present in solution an 
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Figure 5.1. The interconversion equilibrium between the 
chelated form of compound 4 and a form in which one of the 
ligands of the receptor molecule is replaced by а РЮРЮ3 ligand. 
equilibrium is established between the chelated forms of these complexes and 
forms in which one of the ligands of the receptor molecule is replaced by a free 
phosphite ligand. For complex 4 the equilibrium constant (Figure 5.1) was deter­
mined; it amounted to K
c
 = 0.034 M"1. This value implies that in the presence of 
one equivalent of additional P(OPh)a still 97% of the rhodium is in the chelated 
form. In Figure 5.2 a drawing and a computer generated structure of compound 4 
are given. 
The receptor part of complexes 3-5 can bind catechol and resorcinol by π-π 
stacking interactions with the xylylene side walls and by hydrogen bonds with the 
carbonyl urea functions (see also below).13 In the case of resorcinol two simulta­
neous hydrogen bonds are formed between the OH groups and the π-electrons of 
the carbonyl group of the receptor (Figure 5.3). Most likely, the intramolecular 
hydrogen bond in catechol is maintained, leaving only one OH group available 
for binding in the cleft.14 When compound 1 is enlarged to give the basket-
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shaped molecules of type 2 the binding of catechol and resorcinol is slightly 
improved. 
Figure 5.2. Drawing and computer generated structure of compound 4. 
5.3 Substrates 
In order to study the relation between reactivity and binding substrates 6-8 
were synthesized. The catechol derivative 7 was easily obtained by demethylation 
of 4-allyl-2-methoxyphenol (eugenol) with lithium diphenylphosphide. 1 5 
Methylation of eugenol yielded the non-bound substrate l-allyl-3,4-dimethoxy-
benzene (6) which is comparable to 7 with regard to the electron-donating proper­
ties of the substituents. 5-Allylresorcinol (8) was synthesized from 5-chloro-l,3-
dimethoxybenzene by the following sequence of reactions (see Scheme 5.1): (i) a 
Grignard reaction with magnesium activated according to Rieke (~50%),16 (и) a 
Cu(I)-assisted coupling of the Grignard reagent with allyl bromide (44%), and (in) 
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5.4 Binding Experiments 
The association constants for the complexation of 7 and 8 in the model 
compound 2c were measured by Ш NMR titrations, monitoring the shift of 
various cage and guest signals. They amounted to K
a
 = 90 ± 20 M'1 and K
a
 = 2200 
± 200 M_ 1 for 7 and 8, respectively. Substrate 6 is not bound in the cavity of 2c. 
The binding properties of metallocage 3 were also evaluated with the help of 
!Н NMR titrations. We were not able to measure the binding affinities for 7 and 8 
because these substrates were found to react with the Rh-center. Therefore, titra­
tions were carried out with the model compounds resorcinol and catechol. A 
titration with resorcinol gave an association constant of K
a
 = 3100 ± 300 M_ 1, in 
good agreement with the value measured for the reference compounds 1 (K
a
 = 
2600 ± 400 M " 1 ) 1 3 3 and 2a (K
a
 = 2900 ± 300 M" 1 ) . 1 3 b It was not possible to deter­
mine the binding constant of catechol, as no suitable probe signal was available 
because of overlap of signals. We assume that the binding constant of catechol in 
3 is in the same order of magnitude as that of catechol in 1 (K
a
 = 60±10 M _ 1 ) 1 3 a 
and in 2a (K
a
 = 70±30 M"l).13b 
Figure 5.3. The structure of the complex of 1 with resorcinol. 
5.5 Catalytic Reactions with Rh(l)-carbonyl Hydride Host 5 
Initial experiments were carried out with complex 5. Under 1 atm. of argon 
and in the presence of a small excess of Р(ОРЬ)з a solution of 5 in CHCI3 was able 
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to isomerize an equimolar amount of substrate 7 to the corresponding E- and Z-
methylstyrenes. The ratio between the £- and Z-isomers was found to be approx­
imately 3 : 1. In a separate experiment the reference substrate allylbenzene 
showed a much lower reactivity and only the Ε-isomer was obtained. The 
progress of the reactions was monitored by lH NMR. The results are depicted in 
Figure 5.4 and summarized in Table 5.1. In two hours 66% of allylcatechol is 
С [%] 
τ 1 г 
60 80 100 120 140 
t [min] •-
Figure 5.4. Isomerisation of 4-allylcatechol (°) and allylbenzene (0) by com­
pound 5 (solid lines and filled marks) and by HRh(CO)[P(OPh)¡]3 (dotted lines 
and open marks). 
converted, whereas in the same period only 12% of allylbenzene has reacted. The 
conversion of 4-allylcatechol starts immediately, whereas for allylbenzene a lag 
phase of about 10 minutes is observed. In accordance with the literature,18 we 

































 Conditions: [Rh] = [substrate] = 17 mM, Τ = 25°C, solvent: chloroform; ь after 2 hrs in %; 
c
 Ρ = P(OPh)3. 
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believe that the actual catalyst for the isomerization reaction is the hydride com­
plex 4. The СО-displacement which converts 5 into 4 is probably facilitated by the 
fact that the substrate is bound in the cavity (Figure 5.5). This could explain the 
observed induction time in the case of allylbenzene. Support for this explanation 
comes from the 3 1 P NMR spectra which indicated that after 2 hours 23% of the 
initial carbonyl hydride complex 5 had been converted into the hydride complex 
4 when 7 is the substrate, and only 7% when allylbenzene is the substrate. 
Ρ Ρ μ Ρ 
C 0P^< P X V — > / C 0 
5 4 
Figure 5.S. Substrate induced formation of complex 4 from complex 5. 
Isomerization experiments under the same conditions with the reference 
complex НКп(СО)[Р(ОРп)з1з revealed no substantial difference in reactivity 
between the two substrates (Table 5.1, entries 3 and 4, Figure 5.4). After two hours 
the reaction mixture of 7 contained 36% of the E-methylstyrene derivative and 
8% of the η-aldehyde [4-(3,4-dihydroxyphenyl)-butanal], the latter as the result of 
a hydroformylation of the substrate. In the case of allylbenzene 9% of the hydro-
genated product propylbenzene was observed in addition to 27% of E-methyl­
styrene and 12% of η-aldehyde. The proton that is required to complete the 
hydroformylation and hydrogénation processes under these conditions most 
likely comes from a second carbonyl hydride complex. During the reaction a 
decrease of the ratio between the hydride signal and the internal standard in the 
Ш NMR spectrum was observed. This decrease was proportional to the increase 
of the intensity of the signals arising from the hydrogenated and hydroformy-
lated products. The complex which is formed from this process possibly is a 
bimetallic rhodium complex or a μ-CO-bridged rhodium dimer. 1 9 We cannot ex­
clude that in the case of гШЬ(СО)[Р(ОРЬ)з]з the latter dimer is actually responsi­
ble for the isomerization reaction, although such a complex could not be detected 
by 3 1 P NMR. Apparently, as no hydroformylation and hydrogénation occurs 
hydride transfer is not possible in the reaction with the supramolecular catalyst. 
This may be the result of the shielding of the complex by the bulky ligand system. 
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The results above dearly indicate that the conversion of the bound substrate 
is accelerated by compound 5, whereas that of the non-bound one is delayed as 
compared to the catalytic conversion with НЮі(СО)[Р(ОР1і)з]з. The fact that in 
the case of 7 also the Z-isomer is formed may be ascribed to steric congestion of 
groups within the cavity of the bulky ligand system, as is indicated by CPK-
models. This observation supports the idea that the isomerization of 4-allylcate-
chol at least partly takes place inside the cavity of 5. 
When complex 5 is stirred with substrate 7 in chloroform under an hydro­
gen atmosphere (1 atm) after two hours almost all the substrate is converted. The 
reaction products are £- and Z-3,4-dihydroxy-ß-methylstryrene (54%, E/Z ratio = 
3), 4-(3,4-dihydroxyphenyl)-butanal (24%) and 3,4-dihydroxypropylbenzene (17%) 
(Table 5.1, entry 5). 
5.6 Catalytic Reactions with Rh(l)-hydride Host 4 
The catalytic hydroformylation reaction of substrate 7 with complex 5 under 
an H2/CO atmosphere gave a complicated mixture of reaction products. 
Therefore, we changed our program to hydrogénation reactions with the hydride 
complex 4. 
Catalytic conversions of substrates 6-8 were studied in chloroform under 
hydrogen atmosphere with 4 and the corresponding catalyst without receptor-
moiety (HRh[P(OPh)3l4) (see Chapter 3). Under these conditions the substrates 
were converted to the corresponding propyl derivatives (hydrogénation) and ß -
methylstyrenes (isomerization). The conversion of substrate and the formation 
of product were followed by gas chromatography. The conditions were taken such 
([Rh] = 5.4 mM, substrate/catalyst = 10 : 1 , 0.4 atm partial ^-pressure , 1 equivalent 
excess of Р(ОРЬ)з) that the conversion was slow and the product could be 
analyzed easily. 
First the reactivity of the substrates 6-8 towards HRh[P(OPh)3l4 was exam­
ined. The formation of the hydrogenated products versus time is depicted in 
Figure 5.6 and the kinetic data are summarized in Table 5.II (entries 1-3). It is clear 
that the phenolic hydroxyl groups of the highly soluble substrates 7 and 8 deacti­
vate the catalyst for hydrogénation and stimulate the isomerization reaction. The 
ratio of hydrogenated and isomerized product decreases in the series 6 > 7 > 8. 
The origin of this effect is not clear yet. It is known that catechols in solution 
have one of their OH groups intramolecularly hydrogen bonded to the other OH 
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group. 2 0 Hence less than two Η-bonds may be available for deactivation. In line 
with this 5-allylresorcinol (8), which is not able to form such intramolecular 
hydrogen bonds, gives a much higher amount of isomerized product. Eugenol 
(entry 4) has only one OH group and the ratio of hydrogenated and isomerized 
product lies in between the ratios of substrates 6 and 7 (Table 5.II, last column and 
Figure 5.6, left). 
100 г 
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Figure 5.6. Hydrogénation of 6 (·), eugenol (+), 7(*)and8(U) by НЮіІР(ОРЮзІ4 (left) and com­
pound 4 (right) (For conditions: see Table 5.II). 
Hydrogénation experiments carried out under the same conditions with the 
supramolecular catalyst 4 demonstrated that the receptor has a profound effect on 
the catalytic reaction (Figure 5.6, right and Table 5.II, entries 5-7). Similar to the 
stoichiometric isomerization reaction with 5 the catalytic conversion of the 
bound substrates 7 and 8 by 4 was accelerated, whereas that of the non-bound sub-
strate 6 was delayed. For the supramolecular catalyst and the model compound 
the ratio of the initial rates {vinit(4)/vinit(HRh[P(OPh)3l4)} for the conversion of 
substrates 6,7 and 8 amounted to 0.1, 2.2 and 4.7, respectively. 
In Chapter 3 we concluded that the rate determining step in the hydrogéna-
tion of allylbenzene with HRh[P(OPh)3]4 is the oxidative addition of hydrogen to 
the rhodium center. Increasing the partial hydrogen pressure in the reaction of 4 
with substrate 7 from 0.4 to 1 atm led to a nearly proportional increase in rate 
(Table 5.II, entry 11 vs. entry 6).21 This suggest that also for the supramolecular 
catalyst the addition of H2 to the rhodium phosphite complex is the limiting step 
of the catalytic process. We found that under 1 atm H2 the catalyst is even able to 
slowly hydrogenate the formed ß-methylstyrene derivatives. 
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 Conditions: [Rh] = 5.4 mM, Τ = 25.0 ± 0.1 °C, 1 additional equiv. of P(OPh)a, solvent: chloroform; b Ρ 
= Р(ОРІі)з; c ratio of hydrogenated and isomerized product; d resorcinol was added; after an indue -
ion period of ca. 30 min. 
The fact that the non-bound substrate 6 is converted by compound 4 shows 
:hat the rhodium center is not completely shielded from the solution and is 
iccessible from the outside. Consequently, we can not exclude that also substrates 
' and 8 are partly converted outside the cavity of 4. It is known that isomerization 
eactions generally are much faster than hydrogénation reactions.22 Going from 
4Rh[P(OPh)3]4 to 4 the hydrogenation/isomerization selectivity ratio (Table 5.II, 
ast column) for substrates 7 and 8 increases, whereas that for 6 decreases. When 
:he performance of the catalytic center is improved by increasing the hydrogen 
pressure this selectivity ratio is enhanced further (Table 5.II, entries 6 and 11). 
These observations suggest that the hydrogénation reaction preferentially takes 
эіасе inside the cavity, whereas the faster isomerization reaction occurs on the 
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outside. This suggestion is supported by observations from other experiments 
(vide infra). It is reasonable to assume that the rate of complexation and decom-
plexation of substrate 8 is smaller than that of 7, since in the former case two 
hydrogen bonds are involved in the process and in the latter case only one. As a 
result the average time that the binding site is occupied will be longer for the 
resorcinol substrate 8 than for the catechol substrate 7. Consequently, more 
isomerization turnovers on the outside will be possible for 8 than for 7, explain-
ing the observed difference in selectivity for these substrates. 
5.6.1 Kinetics 
In order to obtain more detailed information about the kinetics of the reac-
tions with the supramolecular catalyst we monitored the conversion of 7 at 
different substrate concentrations. To prevent any possible complication due to 
product inhibition we only used initial rates. The data for the hydrogénations at 
0.4 atm of hydrogen pressure (Table 5.II, entries 6, 8 and 9) revealed that already at 
low concentrations of substrate saturation kinetics occured, probably because of 
the poor reactivity of the rhodium center under these conditions. Therefore, we 
also carried out reactions at 1 atm H2. These data are collected in Table 5.II, entries 
10 - 13. A double reciprocal plot of the initial substrate concentration versus the 
initial rate gave a straight line, indicative of Michaelis-Menten-like kinetics. 
The kinetic scheme for the catalytic hydrogénation of a substrate that is 
bound in the cavity of the supramolecular catalyst is shown in Scheme 5.II. 
Scheme 5.11 
The complex between the substrate (S) and the catalyst (C) is denoted by X, 
while an asterisk is used to indicate that the rhodium center has reacted with 
hydrogen. We assume that the oxidative addition of hydrogen to complex X 
proceeds at the same rate as that to С and that the association constant K
a
 for the 
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binding of the substrate in the activated catalyst C* is the same as for the binding 
in C. 
The kinetic equations are the following (concentrations are in italic, c0 is the 
initial concentration of 4): 
^ = k5** (1) 
dx 
¿¡ = kisc + kjx* - (k2 + кз-рН2)х* (2) 
dx* 
-fi- = kisc* + кз-рНг-х - (кг + kt + ks)x* (3) 
and the conservation equation is: c0 = с + с* + χ + χ*. (4) 
We define: K
a
 = j ^ and Kp = 3 ^ 2 
χ 











Kp(k2 + k 3 P H 2 ) w 
A steady state approximation for χ * combined with eq. (6) yields: 
. (k2 + k3)x» KMx* _ 
c
 kli — (7) 
Substituting eqns. (5), (6) and (7) in (4) and solving x* gives 
„. CpSKaKp 
x
 - ( l+K M K a Kp) + Ka(Kp + l)s w 
and finally with (1) : 
AVs 
р = к5** = в Т 7 ( 7 ) 
in which V = ksc0, KM = (k2 + ks)/ki, A = Jv^\ and B = κ (κ + ι? 
Substrate Selective Catalysis by Rhodium Metallohosts 81 
Equation (7) is a modified Michaelis-Menten equation23 and explains the 
observed linearity of the double reciprocal plot (see above). From this plot the 
constant В in equation (7) can be derived; it amounts to В = 0.17 ± 0.02 M"1. 
Assuming that the association constant for the binding of 7 in 4 is the same as for 
the binding of this substrate in 2c (K
a
= 100 M"1) we may conclude from the value 
of В that Kp must be small compared to Км and K
a
, which is in line with the 
observation that the oxidative addition of hydrogen is the decisive step in the 
catalytic cycle. 
The isomerization reaction did not follow equation (7). Both the rate and 
the order in substrate concentration increase with increasing s0, indicating that 
this reaction is mechanistically different from the hydrogénation reaction. 
5.6.2 Competition Experiment 
The hydrogénation reactions were also studied under competitive condi-
tions (3 equiv. of each of the substrates 6-8, 0.4 atm H2) The results are shown in 
Figure 5.7. The hydrogénation of the resorcinol derivative 8 started immediately, 








0:00 1:00 2:00 3:00 4:00 
f [hours]—•• 
Figure 5.7. Competitive hydrogénation of 6 (·), 7 (*) and 8 (O) by compound 4 
(For conditions: see Table 5-III). 
period of approximately 3 min. The reactions were zero-order in substrate. The 
rate constants are summarized in Table 5.III. During the first 22 min. the non-
bound substrate 6 did not react. After that time, when 50% of 7 and 75% of 8 had 
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Table 5.III. Zero order rate constants for the hydrogénation of sub-























 Conditions: [Rh] = 5.4 mM, [substrate]/[Rh] = 3, Τ = 25.0 ± 0.1 °C, 1 
additional equiv. of Р(ОРІі)з, solvent: chloroform; b Ratio of hydroge-
nated to isomerized product;0 after 4 hrs.; d after an induction period of 
22 min; β after an induction period of ca. 3 min;. 
reacted, 6 was slowly converted. This experiment clearly demonstrates that the 
supramolecular system is a substrate selective catalyst. Interestingly, Figure 5.7 
and Table 5.III show that both 7 and 8 have approximately the same rate of con­
version, in contrast to the experiments in which substrates 7 and 8 are hydro-
genated separately (vide supra). This suggests that 7 and 8 are involved in a pro­
cess of cooperative binding, as is shown in Figure 5.8 (see also section 5.6.3). In 
this way the catechol moiety can preserve its intramolecular Η-bond and more 
favorably bridge the distance between the carbonyl groups of the receptor 
molecule assisted by the resorcinol moiety of substrate 8. 
Figure 5.8. Possible geometry for the cooperative binding of substrate 7 and 8 in 
the cavity of 4. 
5.6.3 Rate-enhancement by Resorcinol 
Addition of resorcinol to a solution of substrate 7 and compound 4 in chlo­
roform under 0.4 atm of hydrogen resulted in a considerable enhancement of the 
rate of the hydrogénation reaction (Figure 5.9). After an induction period of 
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approximately 25 min. the rate suddenly increased from 3.4 μΜ-s"1 to 29.8 μΜ-s-1 
(Table 5.II, entry 14). Resorcinol had no effect on the activity of the rhodium cen­
ter as we checked separately: the rate of conversion of 7 by HRh[P(OPh)3l4 in the 
presence of resorcinol was the same as that without resorcinol (Table 5.II, entries 
2 and 15). This is in contrast to the effect of substrate 8 (vide supra). The conver­
sion of the non-bound substrate 6 by 4 was also faster in the presence of resorcinol 
but the rate-increase was much smaller (factor 2, Table 5.II, entries 5 and 16). This 
feature may be ascribed to the fact that on binding a resorcinol molecule in the 
100 -
0:00 1:00 2:00 3:00 4:00 
t [hours]—>-
Figure 5.9. Effect of resorcinol (*) and Na+ (Ш) on the hydrogénation of 7 by 
compound 4. For comparison also the blank reactions without any additives are 
shown: 7 and НЩРІОРЫЗІІ (0); 7 and 4 (Ώ ) (For conditions: see Table 5.11). 
cavity of 4 the metal center is slightly lifted, making it more accessible from the 
outside for a substrate molecule (see Chapter 4). From these results we conclude 
that resorcinol and catechol and their derivatives display cooperative binding in 
the receptor part of 4 and that the rate-enhancement of the hydrogénation reac-
tion in the presence of resorcinol is caused by this cooperative binding effect. For 
the future this offers the interesting possibility to carry out bimolecular bond-
forming reactions in the cavities of molecules of type 2. 
The rate of the isomerization reaction of 7 by 4 also slightly increased on 
addition of resorcinol but showed no induction period. Moreover, resorcinol 
caused the H/I ratio to be improved (Table 5.II, entries 6 and 14). These observa-
tions support the idea that the isomerization reaction preferentially takes place 
on the outside of the metallohost. 
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5.6.4 Inhibition Experiment 
We demonstrated previously that basket-shaped host molecules such as 2a 
and 2c can bind alkali metal ions.24 Therefore, we carried out a preliminary 
hydrogénation experiment with 7 and 4 in the presence of Na+ ions to investigate 
whether such ions could lower the reaction rate by blocking the binding sites of 
the receptor unit. Solid sodium tetraphenylborate was added to the reaction mix-
ture, and the rate of the conversion of 7 was followed as a function of time 
(Figure 5.9). During the first 60 minutes the reaction of 7 and 4 paralleled that of 7 
and HRh[P(OPh>3]4. After that time the rate gradually increased to almost the 
same value as that observed for 7 and 4 without Na+. These data suggest that the 
hydrogénation of the substrate via the supramolecular catalyst is initially inhib-
ited by Na+ , but that the alkali metal ion is gradually driven out of the cavity of 4. 
5.7 Concluding Remarks 
We have shown that it is possible to design and synthesize a supramolecu-
lar rhodium catalyst which can discriminate between different added substrates 
by the process of molecular recognition. The catalyst mimicks properties dis-
played by enzymes, such as Michaelis Menten kinetics, inhibition and rate en-
hancement by a cosubstrate or a cofactor. The rate-limiting component of our 
rhodium catalysts 4 and 5 is the metal center and the sequence of the processes at 
this center. We are currently working on improved supramolecular catalytic sys-
tems which do not have these drawbacks. 
5.8 Experimental Section 
Reagents and solvents. Unless otherwise indicated, commercial materials 
were used as received. Chloroform, chloroform-di and CS2 were distilled from 
phosphorus pentoxide. All solvents were stored on molecular sieves under an 
inert atmosphere. Triphenylphosphite was distilled prior to use. 5-ChIoro-l,3-
dimethoxybenzene was purified by flash chromatography over a short column 
with basic alumina (eluent: hexane). 
Apparatus. ^H NMR spectra were recorded on Bruker WH-90, Bruker WM-
200, Varían Gemini 300 and Varían XL-200 instruments. Chemical shifts (δ) are 
reported in ppm downfield from internal (СНз^Бі. Abbreviations used are s = 
singlet, d = doublet, m = multiplet, and br = broad. 3 1 P NMR spectra were 
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recorded on Bruker WM-200 and Bruker AM-400 instruments. Chemical shifts 
(δ) are reported in ppm downfield from external ОР(ОМе)з. Elemental analyses 
were determined with a Carlo Erba Ea 1108 instrument. For thin layer chro­
matography Merck Silica Gel 60 F254 plates were used. The hydrogénation and 
isomerization reactions were monitored on a Varían 3700 gas Chromatograph 
with flame ionization detector. The substrates and their reaction products were 
separated on a CP-SIL 5CB capillary column (25m χ 0.25 mm ID, df = 0.25 μπ\, 
temp. prog.). The detector signal was integrated by a HP 3390A Integrator. 
2a, 8, 9,12 ,13,14,15,17,18, 25, 26, 29, 30, 31, 32, 34, 35, 38b-Octadecahydro-
2a,38b-diphenyl-13,30-bis[4-(diphenylphosphito)-phenylrnethyl]-lH, 4H-6, 37:20, 
23-dietheno-2, 22:3, 21-dimelhano-5H, 11H, 28H, 38H ,-7,10,16,19,24, 27, 33, 36-
octaoxa-2,3,4a, 13,30,38a- hexaazacyclopenta[cd ]cyclotetratriacont[g ]azulene-l, 4 
dione (2b). This compound was synthesized as described in Chapter 4. 
Compounds 3, 4, and 5. These compounds were prepared as described in 
Chapter 4. 
l-Allyl-3,4-dimethoxybenzene (6). A mixture of 10 g (61 mmol) of eugenol, 
16.8 g (122 mmol) of K2CO3, and 10.4 g (73 mmol) of methyl iodide in 150 mL of 
aceton was refluxed overnight. The solvent was removed under reduced pres­
sure and the product was extracted in a CH2CI2/water mixture. The combined 
organic layers were washed with IN aqueous NaOH (3x), dried (MgSC>4) and 
evaporated to dryness. The resulting oil was purified by flash chromatography 
over a short column with basic alumina (eluent: pentane). After removal of the 
solvent under reduced pressure 8.4 g (77%) of 6 was obtained as a light yellow oil: 
ІН NMR (300 MHz, CDCI3) δ 6.87-6.70 (m, 3H, ArH) 6.06-5.89 (m, I H , 
C H 2 C H = C H 2 ) , 5.17-5.01 (m, 2H, CH 2 CH=CH 2 ) , 3.87 (s, ЗН, ОМе), 3.34 (d, 2Н, 
СН 2СН=СН 2, J = 8 Hz) ; Anal, caled, for С ц Н і 4 0 2 : С 74.13, H 7.92; found: С 74.25, 
H 7.94%. 
4-Allylcatechol (7). То a solution of 11.5 g (0.07 mol) of eugenol in 30 mL of 
dry THF was added stepwise 2.1 g (0.07 mol) of a dispersion of NaH in oil (80%). 
After the evolution of gas had stopped a solution of 13.4 g (0.07 mol) of LiPPh2 in 
60 mL of THF was added. 1 5 After stirring for 3 hrs. 2 mL of water was added and 
the mixture was poured into 200 mL of degassed 0.2 N aqueous NaOH. The 
yellow solution was washed with ether (4x) and the combined organic layers were 
extracted with 100 mL of 0.2 N aqueous NaOH. The combined water layers were 
acidified with cone. HCl to pH = 6. The resulting emulsion was extracted with 
ether and the organic layers were washed with water (5x), dried (MgSO,i), and 
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evaporated to dryness. Purification by column chromatography (eluent: 2% 
MeOH in CHCI3) gave 5.97g (57%) of a brownish oil which could be further puri­
fied by sublimation. Yield: 3.9 g (37%) of 4-allylcatechol as a bright white solid: г Н 
NMR (300 MHz, CDCI3) δ 6.84-6.60 (m, ЗН, АгН) 6.02-5.85 (m, IH, СН 2 СН=СН 2 ), 
5.12-5.03 (m, 2Н, СН 2СН=СН 2), 4.96 (br, 2Н, ОН), 3.29 (d, 2Н, СН 2 СН=СН 2 / J = 8 
Hz); Anal, caled, for C 9 Hi 0 O 2 : С 71.98, H 6.71; found: С 72.22, H 6.32%. 
5-Allyl-l,3-dimethoxybenzene. То a suspension of 0.88 g (36 mmol) of 
freshly prepared activated Mg 1 6 in 100 mL of dry THF was added 5.18 g (30 mmol) 
of 5-chloro-l,3-dimethoxybenzene and the mixture was refluxed for 4 hrs. The 
progress of the reaction was followed by quenching an aliquot of the reaction 
mixture in acidic water, subsequently extracting the products with CH 2 C1 2 , and 
recording an ^H NMR spectrum. After cooling to room temperature a catalytic 
amount of CuBr, codissolved with LiBr in 1 mL of THF, and 5.44 g (45 mmol) of 
allylbromide were added to the reaction mixture. The mixture was stirred 
overnight and quenched with 3 mL of saturated aqueous NH4CI. The solvent was 
removed under reduced pressure, water was added and the mixture was neutral­
ized to pH=7. The product was extracted with ether (3x) and the combined organic 
layers were washed with 0.5 N aqueous Na2S2C>4 and with water. The solution 
was dried (MgSÜ4) and evaporated to dryness. The resulting oil was purified by 
column chromatography (silica, eluent: hexane : benzene = 3 : 2) to give 1.18 g 
(44%) of 5-allyl-l,3-dimethoxybenzene as a colorless oil: J H NMR (300 MHz, 
CDCI3) δ 6.84-6.60 (m, ЗН, АгН) 6.02-5.85 (m, IH, CH 2CH=CH 2), 5.12-5.03 (m, 2H, 
CH2CH=CH2), 4.96 (br, 2Н, ОН), 3.29 (d, 2Н, СН2-СН=СН2, J = 8 Hz). 
5-Allylresorcinol (8). A mixture of 0.38 g (14 mmol) of Al-cuttings and 2.7 g 
(21 mmol) of I 2 in 30 mL of CS2 was refluxed for 2 hrs. under an inert atmos­
phere. To the resulting solution was added 0.5 g (2.8 mmol) of 5-allyl-l,3-
dimethoxybenzene and the mixture was refluxed overnight. After cooling to 
room temperature the mixture was quenched with saturated aqueous NH4CI. 
The solvent was removed under reduced pressure, water was added and the mix­
ture was neutralized to pH=7. The product was extracted with ether (3x) and the 
combined organic layers were dried (MgS04) and evaporated to dryness. The re­
sulting oil was purified by column chromatography (silica; eluent: hexane/EtAc = 
2 : l,v/v) to yield 340 mg (80%) of 8 as a yellowish sticky syrup: Ш NMR (300 
MHz, CDCI3) δ 6.28 (d, 2H, ArH, J = 3 Hz), 6.21 (tr, IH, ArH, J = 3 Hz), 6.00-5.84 (m, 
IH, CH 2CH=CH 2), 5.16-5.03 (m, 2H, CH2CH=CH2), 4.80 (br, 2H, OH), 3.29 (d, 2H, 
Substrate Selective Catalysis by Rhodium Metallohosts 87 
CH2-CH=CH2, J = 8 Hz); Anal, caled, for С 9 Н 1 0 О 2 : С 71.98, H 6.71; found: С 71.54, H 
6.96%. 
Isomerization experiments with 5 and НІШСОНРЮРгОзІз. Through a solu­
tion of 20 mg (10.2 μπιοί) of 5 or 11.2 mg (10.2 μπιοί) of HRh(CO)[P(OPh)3]325 in 
CDCI3 a stream of CO was bubbled and the volume was subsequently adjusted to 
0.6 mL ([Rh] « 17 mM). After addition of 1.5 mg (10.2 μπιοί) of 7 the mixture was 
transferred to an NMR tube and sealed under argon. Periodically a NMR spec­
trum was recorded. In the case of the reactions with allylbenzene (10.2 μπιοί, 1.2 
mg) the substrate was added from a stock solution. The product compositions 
were determined by integration of the relevant peaks in the ^H NMR spectra. 
Hydrogénation experiments with HRh[P(OPh)3]4. To 21.3 mg (15.8 μπιοί) of 
HRh[P(OPh)3]4 in a 50 mL glass vessel was added 4.9 mg (15.8 μπιοί) of P(OPh)3 
dissolved in 1.5 mL of chloroform. The vessel was placed in an autoclave, filled 
with Ar, and substrate (#equivalents χ 15.8 μπιοί) dissolved in 1.6 mL of chloro­
form was added. The autoclave was evacuated quickly and refilled twice with 
argon. Finally, an overpressure of 0.4 or 1.0 atm of hydrogen gas was applied. 
Control experiments confirmed that after this procedure the concentration of the 
catalyst was 5.4 ± 0.3 mM. Samples were taken by opening a valve under a stream 
of argon. The reaction was stopped by rapidly freezing the samples in liquid 
nitrogen. Control experiments indicated that by this procedure no change in the 
product composition took place. 
Hydrogénation experiments with 4. The catalyst was prepared in situ by 
adding 4 mg of (acac)Rh(CO)2 to a chloroform solution containing 24 mg (15.8 
μπιοί) of 2b and 14.7 mg (47 μπιοί) of P(OPh)3. Subsequently Ar was bubbled 
through the solution to remove the CO. The solution was stirred overnight 
under 10 atm of hydrogen pressure. 3 1 P NMR spectroscopy revealed that the 
purity of the thus obtained catalyst was >95%. The volume was adjusted to 1.5 mL 
and the same procedure as described for HRh[P(OPh)3]4 was followed. 
Data processing. For all the components involved in the reaction, calibra­
tions were made using 1,4-di-f-butylbenzene as the internal standard. The hydro­
génation products were synthesized separately by stirring the substrate overnight 
in acetic acid with a catalytic amount of palladium on carbon under 10 atm. of 
hydrogen pressure. The isomerized products were prepared by stirring the corres-
ponding substrates overnight in methanol under an argon atmosphere with a 
catalytic amount of palladium on carbon and a drop of concentrated hydrochloric 
acid. The integrated areas obtained from the GC tracks were multiplied by the 
88 Chapter 5 
slopes of the corresponding calibration curves and afterwards renormalized to 
100%. The initial rates were determined following standard procedures. 
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Chiral Basket-shaped Host Compounds for 
Future Applications in Catalysis 
6.1 Introduction 
In the previous chapters we described metallohosts that mimic certain fea­
tures of enzymatic catalysis, viz. selective binding of a substrate in a cavity and 
conversion of the bound substrate at a catalytically active center. The stereoselec­
tivity of enzymes depends to a large extent on the binding process. The binding 
pocket of an enzyme has a chiral shape, and as a result the reaction proceeds 
enantioselectively.l In order to incorporate this aspect into our metallohost, it 
was felt necessary to modify the binding moiety of this host in such a way that a 
chiral environment is obtained. 
Chiral recognition requires a minimum of three simultaneous interactions 
between the binding site and the substrate.2 Hydrogen bonding and electrostatic 
attractions are regarded to be single-point interactions, whereas e.g. dipole stack­
ing and π-π interactions are multipoint in nature.2 Since the binding of dihydro-
xybenzenes in the hosts described in this thesis is usually achieved by two hydro­
gen bonding interactions as well as by π-π stacking (see Chapter 2) in principle no 
additional interaction is required to accomplish chiral recognition. 
Several chiral host molecules have been described in the literature. In most 
cases the chirality is introduced by adding a chiral structural element to an exist­
ing host or by using a chiral building block to construct the host.3 In this chapter 
we describe a basket-shaped host molecule that is intrinsically chiral. Our ulti­
mate objective is to use this molecule to achieve enantioselective catalysis by 
shape recognition, i.e. only one of the enantiomers of a racemic substrate should 
fit into the cavity of the metallohost to be constructed from this molecule. 
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6.2 Strategy 
The chiral receptors described in this chapter are based on the concave build-
ing block l.4 As is shown in Figure 6.1 compound 1 can be regarded as being com-
posed of four subunits. To illustrate this the molecule has been divided in four 
quadrants. Chirality can be easily built in by modifying one or two of these quad-
rants. As a result two chiral centers appear on the quaternary carbon atoms of the 
glycoluril unit, as indicated by asterisks in Figure 6.1. An obvious way to do this is 
by introducing dissymmetry in the handles of the basket compounds which can 
be synthesized from 1. In compound 2 only one of the handles is altered, leading 
to a completely asymmetric compound (Ci symmetry). In 3 two handles are 
modified which results in a chiral molecule with C2 symmetry (Chart 6.1). 
Figure 6.1. Division of compound 1 in four quadrants (left) and the X-ray structure of this 
compound (right). 
In the next section the synthesis of basket 2 is described and an attempi to 
resolve this compound into enantiomers. In section 6.4 the preparation of basket 
3 is presented. This compound could be successfully resolved at the stage of a 
precursor molecule. This chapter is concluded with some preliminary binding 
studies on 3. 
6.3 Basket with Ci symmetry 
The synthesis of compound 2 is summarized in Scheme 6.1. First 
hydroquinone was alkylated with l-bromo-2-chloroethane in acetone using 
K2CO3 as a base to yield 4-(2-chloroethoxy)-phenol (4a) (30%). Subsequently, 4a 
was treated with 2-(2-chloroethoxy)ethyl p-toluenesulphonate and sodium hy-
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Chart 6.1 
Ρ 
/ 4 C H 2 
2 a: R = - CH2-OCH3 
b:R = -H 
dride in DMF, resulting in l-(2-chloroethoxy)-4-[2-(2-chloroethoxy)ethoxy]ben-
zene (4b) (55%). Reaction of a 1 : 1 mixture of 4b and l,4-bis-[2-(2-chloroethoxy)-
ethoxy]benzene (4c)5 with the cyclic ether 5 5 ' 6 in acetic anhydride and trifluoro-
acetic acid gave a number of products, viz. the symmetric tetrachloride 6, the 
meso-compound 7, a racemic mixture of the target molecule 8 and the racemate 
9. The molar ratio of these compounds amounted to approximately 2 : 1 : 4 : 1 , 
which is close to the theoretically expected values. The compounds could be sepa­
rated by column chromatography and the racemate of 8 was obtained in 39% 
yield. The dissymmetry in the molecule is clearly visible in its ^H NMR spec­
trum. The aromatic xylylene protons on the symmetric side of the molecule are 
displayed as a singlet and those on the asymmetric side as an AB pattern. The 
methylene bridges which link the xylylene walls to the glycoluril unit give rise to 
three AX-patterns, probably because two of them coincide. 
Double ringclosure of 8 with two equivalents of p-methoxymethoxybenzyl-
amine under dilute conditions in acetonitrile with ЫагСОз as the base gave the 
racemate of 2a (76%). The protected phenolic hydroxyl groups in the latter com­
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catalytic center, as in Chapter 4. In the гН NMR spectrum of 2a the bridging 
methylene groups are visible as four AX-patterns. The aromatic protons of the 
substituted benzyl groups give rise to two different AB patterns and the xylylene 
wall protons display the same pattern as those in 8. For the NCH2 methylene pro­
tons in the ring complicated signals are observed. 
The methoxymethyl protecting group was quantitatively removed by stir­
ring a solution of 2a in tetrahydrofuran/i'-propyl alcohol with concentrated 
hydrochloric acid, resulting in 2b-2HCl. 
We tried to separate the enantiomers of 2a, 2b and also those of 8 on a chiral 
HPLC column. Unfortunately, we were not able to find a suitable stationary 
phase. Subsequently, we reacted 2b with chiral reagents in order to obtain 
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diastereomers that can be separated chromatographically. However, the coupling 
of 2b to (+)-10-camphorsulphonyl chloride, (R)-(+)-ct-methoxy-a-trifluoromethy-
lphenylacetyl chloride (Mosher's reagent), or (-)-menthyl chloroformate did not 
give separable diastereomers, as could be concluded from TLC and HPLC. 
6.4 Basket with Cz symmetry 
The synthetic route to compound 3 is depicted in Scheme 6.II. The mono-
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coupled to the cyclic ether 5 in 1,2-dichloroethane in the presence of p-toluene-
sulphonic acid and mol sieves. The racemate 10 and the meso-compound 11 
could be separated chromatographically. Their structures were assigned on the 
basis of the 1 3 C NMR spectra (Figure 6.2): the meso-compound 11 displays two 
resonances for the carbonyl functionalities of the glycoluril unit, whereas the 
racemate gives only one signal due to the C2-symmetry in the molecule. The 
bridging methylene groups in 10 form two sets which are unequivalent and 
therefore they give rise to two AX patterns in the *H NMR spectrum. The signals 
'^Ф]/т¥^ ^J^^JÍ ILL 
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160 
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Figure 6.2. Low field regions (a) and the aromatic regions (b) of the J3C NMR spectra of 
meso-11 (above) and rac-10 (below). 
of the xylylene wall protons appear as an AB pattern and have shifted ca. 1 ppm 
to higher field as compared to the reference compounds 6-9. This feature may be 
explained by assuming that the phenolic hydroxyl groups are hydrogen bonded to 
the carbonyl groups of the glycoluril unit. The hydrogen bond will be optimized 
if the xylylene walls are moved towards the carbonyl groups, causing a twist in 
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the molecule, as is shown in Figure 6.3. Such a twist is not unlikely and has been 
observed before in glycoluril derivatives.7 An indication for such a twist is found 
in the 1 3 C NMR spectrum of 10. For the carbon atoms of the phenyl groups on 
the convex side of the glycoluril unit several well-separated signals are observed. 
Normally, these carbon atoms give rise to a narrow cluster of overlapping signals 
{e.g. see compound 11, Figure 6.2). In 10, the carbon atoms will be all magnetically 
different as a result of the ring currents shifts, caused by the twisted benzene 
rings. The hydrogen bonds are broken by coordinating solvent molecules, as can 
be concluded from the fact that the Ш NMR signals of the xylylene walls of 10 are 
not shifted in dmso-dé· In the meso-compound 11 hydrogen bonds between the 
carbonyl groups of the glycoluril unit and the phenolic hydroxylgroups are possi-
ble but these hydrogen bonds can not be stabilized by a twist in this molecule. In 
line with this only small shifts of the xylylene wall protons are observed. 
Figure 6.3. The optimization of the hydrogen bonds in 10 by a 
twist in the molecule. 
Rac-10 was treated with two equivalents of (-)-menthyl chloroformate to 
give a mixture of diastereomers (12a and 12b), which could be separated by 
column chromatography (13% yield of each diastereomer). After the removal of 
the menthyl group with sodium methoxide in methanol each of the enan-
tiomers of 10 was obtained in optically pure form (74%). Reacting these enan-
tiomers with a large excess of l-bromo-2-chloroethane in DMSO with base 
resulted in the quantitative formation of the enantiomers of 9 ([cc]£, = + and -
13.4°). These compounds were also obtained as an inseparable racemic side-
product in the synthesis of 8 (see previous paragraph). Double ring closure of 9 
with two equivalents of benzylamine under dilute conditions in acetonitrile with 
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ЫагСОз as a base yielded both enantiomers of the chiral basket compound 3 ([a]JJ 
= + and -16.4°, yields: 77% and 90 %, respectively). 
6.5 Binding Experiments 
lH NMR spectroscopy was used to evaluate the binding properties of the 
two enantiomers of 3. First, the binding constant of resorcinol was determined 
and found to be K
a
 = 200 ± 25 M*1. This value is much lower than the values 
normally observed for this type of basket shaped compounds, viz. K
a
 « 3000 M - 1 . 8 
The lower binding affinity may be caused by the benzyl groups which probably 
partially cover the cavity of 3 as a result of the restricted flexibility of the handles. 
A similar situation is present in a related basket compound with small handles, 
of which we recently reported an X-ray.71· 
О 
XX" , C H = N - CH, 
но" -<v- ^он 
13 
We carried out a titration with the guest compound 13 to investigate 
whether receptor 3 displayed any enantioselectivity in the binding of a chiral sub­
strate. Compound 13 was prepared by the condensation of 2,4-dihydroxyben-
zaldehyde and (-)-a-methylbenzylamine. Unfortunately, the affinity of 13 for both 
(+)-3 and (-)-3 was very low; the binding constants amounted to approximately K
a 
= 60 M'V Probably, the cavity of the host is too shielded by the benzylgroups to 
accommodate a bulky substrate like 13. Another complication is the fact that in 13 
an intramolecular hydrogen bond can be formed between one of the phenolic 
hydroxyl groups and the N-atom of the imine function. This feature is also unfa­
vorable for binding. 
Work is now in progress to connect ligands to the рягя-positions of the 
benzyl groups in 3. On complexa tion to a metal center the benzyl groups will be 
lifted to a more upward position which opens the cavity of 3 and makes it more 
accessible for substrate molecules. 
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6.6 Experimental Section 
General. Unless otherwise indicated, commercial materials were used as 
received. Hexane, THF, diethylether, and toluene were distilled under nitrogen 
atmosphere from sodium ketyl. Dichloromethane was distilled from СаСІг- All 
solvents were stored on molecular sieves under an inert atmosphere. ^H NMR 
spectra were recorded on Bruker WH-90, Bruker AC-100, and Bruker AM-400 
instruments. Chemical shifts (δ) are reported in ppm downfield from internal 
(CH3>4Si. Abbreviations used are s = singlet, d = doublet, tr = triplet, q = quartet, 
m = multiplet, and br = broad. FAB mass spectra were recorded on a VG 7070E 
instrument, the matrix used was m-nitrobenzyl alcohol. Elemental analyses were 
determined with a Carlo Erba Ea 1108 instrument. IR spectra were recorded on a 
Perkin Elmer IRFT spectrometer 1720-X. The optical rotations were determined 
on a Perkin Elmer 241 polarometer. The applied HPLC columns were a Machary 
Nagel Nucleosil Chiral-2, a LiChrosorb Si-100-10, and a LiChrosorb RP-18. For 
column chromatography Merck Silica Gel (60H) was used and for thin layer 
chromatography Merck Silica Gel 60 F254 plates. 
4-(2-Chloroethoxy)phenol (4a). A mixture of 3 g (27 mmol) of hydroquinone, 
10 g (70 mmol) of l-bromo-2-chloroe thane, and 10 g (72 mmol) of K2CO3 in 50 mL 
of acetone was refluxed for 18 hrs. The mixture was filtered and the solvent was 
removed under reduced pressure. The residue was taken up in 50 mL of CH2CI2 
and the solution was subsequently washed with IN aqueous HCl, a saturated 
aqueous solution of NaHCC>3, and brine. The organic layer was dried (MgSC»4) 
and evaporated to dryness. The product was purified by column chromatography 
(silica, eluent: 0.5 % MeOH in CHCI3) to give 1.41 g (30%) of 4a as a white crys­
talline solid: ІН NMR (100 MHz, CDCI3) δ 6.79 (br s, 4H, ArH), 4.80 (s, IH, OH), 
4.17 (tr, 2H, CH2O, J = 6 Hz), 3.78 (tr, 2H, CH2C1, J = 6 Hz). 
l-(2-Chloroethoxy)-4-[2-(2-chloroethoxy)ethoxy]benzene (4b). To a suspen­
sion of 0.4 g (10 mmol) of NaH (60% dispersion in oil) in 25 mL of DMF was 
added 1.73 g (10 mmol) of 4a. After the evolution of gas had stopped 2.79 g (10 
mmol) of 2-(2-chloroethoxy)ethyl p-toluenesulphonate9 was added and the mix­
ture was stirred for 18 hrs. under argon. The mixture was neutralized with 
aqueous HCl and the solvent was removed under vacuum. The residue was 
taken up in 50 mL of 1 N aqueous HCl and the resulting emulsion was extracted 
with CH2CI2 (3x). The combined organic layers were washed with a saturated 
aqueous solution of NaHCOs and brine, dried (MgSO/j), and evaporated to dry-
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ness. After column chromatography (silica, eluent: 0.5% MeOH in CHCI3) 1.53 g 
(55%) of 4b was obtained as a yellowish oil: Ή NMR (100 MHz, CDCI3) δ 6.84 (br s, 
4H, АгН), 4.22-4.03 (m, 4Н, СН2С1), 3.88-3.57 (m, 8Н, СН 2 0). 
l,4-Bis-[2-(2-chloroethoxy)ethoxy]benzene (4с). This compound was synthe­
sized according to a literature procedure.5 
4-[2-(2-Chloroethoxy)ethoxy]phenol (4d). This compound was synthesized 
from 0.44 g (4 mmol) of hydroquinone, 1.19 g (4.3 mmol) of 2-(2-
chloroethoxy)ethyl p-toluenesulphonate and 0.18 g (4.5 mmol) of NaH (60% 
dispersion in oil) in 10 mL of DMF as described for 4b. After column chromato­
graphy (silica, eluent: EtOAc/Hex = 1:2 v/v) 0.15 g (17%) of 4d was obtained as a 
yellowish oil: *H NMR (100 MHz, CDCI3) δ 6.78 (s, 4H, АгН), 4.92 (s, IH, OH), 4.18-
3.98 (m, 2H, CH2C1), 3.95-3.53 (m, 6Н, CH 2 0). 
5/7/12/13b,13c,14-Hexahydro-l(andll)-(2-chloroethoxy)-4,8,ll(andl)-tris[2-(2-
chloroethoxy)ethoxy]-13b,13c-diphenyl-6H,13H-5a,6a,12a,13a-tetraazabenz[5,6]azu-
leno[2,l,8-i/'a]benz[f]azulene-6,13-dione (rec-8). A solution of 2.34 g (6.2 mmol) of 
compound 5 6 in a mixture of 6 mL of Ac 2 0 and 6 mL of TFA was stirred at 95°C 
for a period of 30 min. Subsequently, 1.73 g (6.2 mmol) of 4b and 2.0 g (6.2 mmol) 
of 4c were added and the solution was stirred for another 30 min. at 95°C. After 
cooling to room temperature 25 mL of methanol was carefully and slowly added. 
The resulting precipitate was filtered off and washed with ice cold diethyl ether 
(3x). The products were separated by column chromatography (silica, eluent: 
EtOAc/СНСІз = 1:3 v/v), giving 2.25 g (39%) of rac-8 as a white solid: lH NMR 
(400 MHz, CDCI3) δ 7.14-7.05 (m, ЮН, Ar); 6.74 and 6.71 (2d, 2H, АгН, J = 9 Hz), 
6.73 (s, 2H, АгН); 5.57, 5.544 and 5.541 (3d, 4Н, NCHHAr, J = 16 Hz), 4.32-3.61 (m, 
32H, NCHHAr, CH2CH2); FAB MS m/z 944 ([M+H]+); Anal. Caled, for 
C46H50N4O9CI4: С 58.48, H 5.33, Ν 5.93; Found: С 58.52, Η 5.35, Ν 5.87 %. 
Racemate of compound 2a. Compound 2a was prepared according to a 
previously published procedure5 from 0.82 g (0.9 mmol) of 8, 0.44 g (2.6 mmol) of 
ρ -methoxymethoxybenzylamine (see Chapter 4), 4 g of Na2CC>3 (38 mmol) and 15 
g of Nal in 400 mL of acetonitrile. The compound was purified by column chro­
matography (silica, eluent: CHCI3 with 1% EtsN and 0.5% methanol) to give 0.75 g 
(76%) of white 2a: Ή NMR (400 MHz, CDCI3) δ 7.31 and 7.28 (2d, 4Η, АгН, J = 8.5 
Hz); 7.17-7.04 (m, ЮН, Ar); 7.00 and 6.99 (2d, 4H, АгН, J = 8.5 Hz); 6.75 and 6.70 (2d, 
2H, АгН, J = 9 Hz), 6.74 (s, 2H, АгН); 5.68,5.65, 5.64 and 5.58 (4d, 4Н, NCHHAr, J = 
16 Hz), 5.18 (s, 4H, OCH 2 0), 4.19-3.65 (m, 28Н, NCHHAr, CH 2 CH 2 ) ; 3.50 (s, 6H, 
ОСНз), 3.15-2.82 (m, 8Н, CH2N); FAB MS m/z 1133 ([M+H]+). 
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Racemate of compound 2b-(2HCL). To a solution of 0.5 g (0.44 mmol) of 
compound 2a in a mixture of 10 mL of THF and 10 mL of i -propyl alcohol was 
added dropwise 2 mL of cone, aqueous HCl (30%). After stirring for 3 hrs. the 
solution was evaporated to dryness. The solid material was dried under high 
vacuum to give 0.49 g (100%) of white 2b-(2HCl): Ή-NMR (400 MHz, DMSO-dé) δ 
10.2-9.8 (br, 2H, N+-H), 7.6-6.7 (m, 22H, АгН), 5.7-5.2 (m, 4H, ArCHHN), 4.6-3.2 (br 
m, 36H, ArOCH2, ArCHHN, CH2N): FAB MS m/z 1045 ([2b+H]+), 523 (\-[2Ъ+2Н)+). 
Coupling of chiral auxiliary groups. A solution of 0.33 g (0.3 μπιοί) of 
2b-(2HCl), 1.2 mL of (-)-menthyl chloroformate and 0.2 mL of Et3N in 5 mL of 
CH2CI2 was stirred overnight at room temperature. The solution was washed 
with a NaOH/NaHC03 buffer (pH <= 10) (3 χ ), dried (MgSCu) and evaporated to 
dryness. The coupling of (+)-10-camphorsulphonyl chloride and (R)-(+)-a-
methoxy-a-trifluoromethylphenylacetyl chloride was achieved in a similar way. 
NMR indicated that the product was bis-substituted with the chiral group. 




no[2,l,8-i/a]benz[f]azulene-6,13-dione (гяс-10) and 5,7,12,13b,13c,14-Hexahydro-
l,ll-bis[2-(2-chloroethoxy)ethoxy]-4^-dihydroxy-13b,13c-diphenyl-6H,13H-5a,6a, 
12аДЗа-1е1гаагаЬепг[5,6]аги1епо[2Л,8-1/'а]Ьепг[1]аги1епе-6,13-а10пе (meso-11). A 
solution of 12.7 g (67.0 mmol) of p-toluene sulphonic acid, 2.3 g (6.1 mmol) of 5 
and 2.9 g (13.4 mmol) of 4d in 150 mL of 1,2-dichloroethane was refluxed for 4 
days, the condensed solvent running back over mol sieves 4 A. The mixture was 
concentrated to 20 mL. Subsequently, CHCI3 was added and the mixture was 
washed with water, saturated aqueous NaHCC>3 and brine, dried (MgSC»4), and 
evaporated to dryness. After column chromatography (silica, eluent: 2% MeOH 
in CHCI3) 1.75 g (37%) of гяс-10 and 1.62 g (34%) of meso-11 were obtained as off-
white solids. Compound 10: Щ NMR (400 MHz, CDCI3) δ 7.36 (s, 2H, ОН); 7.25-
7.11 (m, ЮН, АгН); 5.93 and 5.52 (2d, 4Н, АгН, J = 9 Hz); 5.58 and 5.17 (2d, 4Н, 
NCHHAr, J = 16 Hz), 3.95-3.67 (m, 20H, NCHHAr, CH 2CH 2); ! Н NMR (100 MHz, 
DMSO-d6) δ 8.21 (s, IH, OH); 7.32-6.90 (m, ЮН, АгН); 6.67 and 6.62 (2d, 4Н, АгН, J 
= 9 Hz); 5.42 (br d, 4H, NCHHAr, J = 16 Hz), 4.19-3.46 (m, 28H, NCHHAr, CH 2CH 2); 
13C-NMR (100 MHz, CDCI3): δ 159.5 (C=0), 149.1,148.8,133.5,129.0,128.8,128.7, 
128.5,127.9,126.8,124.2,116.9 and 114.6 (xylylene and glycoluril), 86.2 (glycoluril), 
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71.5, 70.0, 69.4 (CO chain), 43.0 (CCI) 38.0 and 37.1 (NC glycoluril); FAB MS m/z 
775 ([M+H1+). 
Compound 11: Ή NMR (400 MHz, CDCI3) δ 7.50 (s, 2Η, ОН); 7.18-7.11 (m, 
ЮН, АгН); 6.40 and 6.38 (2d, 4Н, АгН, J = 9 Hz); 5.56 and 5.45 (2d, 4Н, NCHHAr, J 
= 16 Hz), 4.04-3.67 (m, 20H, NCHHAr, CH 2 CH 2 ); 1 3C-NMR (100 MHz, CDCI3): δ 
158.6 and 157.9 (C=0), 149.1,148.1,133.0,128.5,128.3,127.7,127.1,124.5,115.6,114.2 
(xylylene and glycoluril), 85.5 (glycoluril), 71.0, 69.7, 69.3 (CO chain), 42.5 (CCI) 36.9 
and 36.7 (NC glycoluril); FAB MS m/z 775 ([M+H]+). 
5,7,12,13b,13c,14-Hexahydro-l,ll-bis[2-(2-chloroelhoxy)ethoxy]-4^-bis(men-
thylcarbonyloxy)-13b,13c - diphenyl - 6H,13H-5a,6a,12a,13a - tetraazabenz[5,6]azule-
no[2,l,8-i/a]benz[f]azulene-6,13-dione (12a) and 5,7,12,13b,13c,14-Hexahydro-4,8-
bis[2-(2-chloroethoxy)ethoxy]-l,ll-bis(menthylcarbonyloxy)-13b,13c-diphenyl-
6H,13H-5a,6a,12a,13a-tetraazabenz[5,6]azuleno[2,l^-i/e]benz[f]azulene-6,13-dione 
(12b). To a cooled solution (0°C) of 2.63 g (3.4 mmol) of rac-10 and 5 g (23 mmol) of 
(-)-menthyl chloroformate in 50 mL of CH2CI2 was carefully added 5 mL of Et3N. 
The mixture was allowed to warm up to room temperature and stirred for 18 hrs. 
The solution was washed with water, 1 N aqueous HCl, saturated aqueous 
N a H C 0 3 , and brine. The organic layer was dried (MgS04) and evaporated to 
dryness. Purification by column chromatography (silica, eluent: 1% MeOH in 
CHCI3) gave 0.5 g (13%) of 12a and 0.5 g (13%) of 12b as white solids. (12a»)1 0 
characterized by Rf = 0.24: *H NMR (100 MHz, CDCI3) δ 7.23-6.95 (m, ЮН, АгН); 
6.93 and 6.76 (2d, 4Н, АгН, J = 9 Hz); 5.67 and 5.08 (2d, 4H, NCHHAr, J = 16 Hz), 
4.58 (d tr, 2H, -CHO-, J = 12 Hz, J = 3 Hz), 4.35-3.55 (m, 20H, NCHHAr, CH 2 CH 2 ) , 
2.30-0.70 (m, 32 H, CH menthyl); (12b*) characterized by Rf = 0.15: a H NMR (100 
MHz, CDCI3) δ 7.23-6.95 (m, ЮН, АгН); 6.99 and 6.73 (2d, 4Н, АгН, J = 9 Hz); 5.66 
and 5.12 (2d, 4H, NCHHAr, J = 16 Hz), 4.60 (d tr, 2H, -CHO-, J = 12 Hz, J = 3 Hz), 
4.37-3.56 (m, 20H, NCHHAr, CH 2CH 2), 2.30-0.70 (m, 32 H, CH menthyl). 
5,7,12,13b,13c,14-Hexahydro-l,8 (or 4,ll)-bis[2-(2-chloroethoxy)ethoxy]-4,H (or 
l^)-dihydroxy-13b,13c-diphenyl-6H,13H-5a,6a,12a,13a-tetraazabenz[5,6]azuleno 
[2,l,8-i/a]benz[f]azulene-6,13-dione ((+)-10* and (-)-10*). A solution of 0.5 g (0.45 
mmol) of 12b in a mixture of 50 mL of MeOH and 10 mL of CH 2C1 2 was brought 
to pH' = 8 (wet pH paper) with NaOMe and stirred for 4 days. The solution was 
neutralized (HCl) and evaporated to dryness. After column chromatography 
(silica, eluent: 4% MeOH in CHCI3) 0.25 g (74%) of white (+)-10 was obtained: [a]2D0 
= +38°. Starting from 12a the same procedure was followed to give 0.25 g (74%) of 
Olirai Basket-shaped Host Compounds for Future Applications in Catalysis 103 
(-)-10: [<x]g = -30°. The spectral data of (+)-10 and (-)-10 were identical to those of 
rac-10. 
5,7,12,13b,13c,14-Hexahydro-l,8 (or 4,ll)-bis(2-chloroethoxy)-4,ll (or 1,8)-
bis[2-(2-chloroethoxy)elhoxy]-13b43c-diphenyl-6H,13H-5a,6a,12a,13a-tetraazabenz 
[5,6]azuleno[2,l,8-i;ii]benz[f]azulene-6,13-dione ((+)-9* and (-)-9*). A mixture of 
0.25 g (0.32 mmol) of (-)-W, 1 g of powdered KOH and 20 mL of l-bromo-2-
chloroethane in 5 mL of DMSO was stirred overnight. The solvent was removed 
under vacuum and 30 mL of water was added. The resulting emulsion was 
extracted with CHCI3 (3x) and the organic layer was washed with 1 N aqueous 
HCl and a saturated aqueous solution of ЫаНСОз. Subsequently, this layer was 
concentrated to 5 mL and added dropwise to hexane with vigorous strirring. The 
resulting precipitate was filtered off and washed with ice-cold ether. Yield: 0.27 g 
(93%) of white (+)-9: [a]2D0 = +13.4°; Ή NMR (400 MHz, CDCI3) δ 7.21-6.97 (m, ЮН, 
ArH); 6.65 (br s, 4Н, АгН), 5.58 and 5.54 (2d, 4Н, NCHHAr, J = 16 Hz), 4.28-3.60 (m, 
28H, NCHHAr, CH2CH2); 13C-NMR (100 MHz, CDCI3): δ 157.8 (C=0), 151.2,150.4, 
133.9, 128.8, 128.6, 128.3, 128.1, 115.1, 114.5 (xylylene and glycoluril), 85.3 
(glycoluril), 71.6, 70.9, 70.2 (CO chain), 43.2 and 42.3 (CCI), 37.0 (NC glycoluril); 
FAB MS m/z 901 ([M+H]+); Anal. Caled, for G u H ^ O g C U - l . S N a C l : С 53.47, H 
4.69, Ν 5.67; Found: С 53.27, Η 4.63 Ν 5.60 %. 
Starting from (+)-10 the same procedure was followed to give 0.26 g (90%) of 
(-)-9: [cdjj = -13.4°. The spectral data and physical properties of (-)-9 were similar to 
those of (+)-9. 
Compound (+)-3. This compound was synthesized as described previously5 
from 0.24 g (0.27 mmol) of (+)-9, 89 mg (0.83 mmol) of freshly destilled benzyl-
amine, 1 g of Na 2 C03 and 2 g of Nal in 110 mL of acetonitrile. The compound was 
purified by column chromatography (silica, eluent: CHCI3WÍÜ11% Et3N and 0.5% 
methanol) to give 0.20 g (77%) of white (+)-3: [a]2D0 = +16.4°; Ή NMR (400 MHz, 
CDCI3) δ 7.38-7.04 (m, 20Η, Ar), 6.74 and 6.71 (2d, 2H, ArH, J = 9 Hz), 5.65 and 5.55 
(2d, 4H, NCHHAr, J = 16 Hz), 4.17-3.64 (m, 24H, NCHHAr, C H 2 0 , NCH2Ar); 3.18-
2.84 (m, 8H, CH2N); "C-NMR (100 MHz, CDCI3): δ 157.3 (C=0), 151.5,151.2,139.8, 
134.7, 129.8, 128.8, 128.5, 128.2, 126.9, 117.1,114.5 (Ar), 85.0 (glycoluril), 71.5, 69.1, 
69.0, 68.7 (CO crown), 61.0 (NCAr), 54.5 and 53.7 (CN crown), 37.1 and 36.8 (NC 
glycoluril); FAB MS m/z 969 ([M+H]+); Anal. Caled, for СзвНбо^Ов-НгО: С 70.57, 
Η 6.33, Ν 8.51; Found: С 70.60, Η 6.15 Ν 8.41 %. 
Compound (-)-З. This compound was synthesized from (-)-9 as described for 
(+)-3. Yield 0.22 g (85%) of white product: [a]2D0 = -16.4°. The spectral data of (-)-3 
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were identical to those of (+)-3. Anal. Caled, for С5 8Нб(^б08-Н20: С 70.57, H 6.33, 
Ν 8.51; Found: С 69.43, Η 5.94 Ν 8.37 %. 
(S)-N-(2,4-Dihydroxybenzylidene)-l-phenylethylamine (13). A solution of 1 g 
(7.2 mmol) of 2,4-dihydroxybenzaldehyde and 1.4 g (11.6 mmol) of (S)-(-)-ct-
methylbenzylamine in 50 mL of 1,2-dichloroethane was refluxed for 1.5 hrs. The 
reaction volume was reduced to approx. 2 mL and added dropwise to 50 mL of 
hexane. The resulting yellow precipitate was filtered off. The precipitation proce­
dure was repeated (4x) until the excess of amine had been removed. Yield 1.3 g 
(73%) of a yellow powder: [a]2D0 = 320°; ^H-NMR (100 MHz, CDCI3) δ 8.00 (s, IH, 
CH=N), 7.34 (m, 5 H, АгН), 7.00 (d, IH, ArH, J = 8.9 Hz), 6.28-6.21 (m, 2H, ArH), 
4.62 (q, IH, CH, J = 6.8 Hz), 1.65 (d, 3H, CH3, J = 6.8 Hz). 
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Rhodium(I) Centered Cyclotriveratrylene 
7.1 Introduction 
Concave molecules can be utilized as constructing-units for molecular and 
supramolecular architectures with unique properties.1 Until now we have 
discussed metallohosts based on a building block with 2-fold symmetry. Starting 
from a base with a different symmetry affords the opportunity to immobilize 
other types of metal complexes above the cavity. 
Concave molecules may also serve as a starting-point for rigid ligand 
systems with specific bite angles, which maintain a certain coordination sphere 
around a metal center. Such a fixed coordination environment can influence the 
properties of the remaining ligands on the metal and hence the catalytic activity 
of the complex. 
Cyclotriveratrylene (CTV, 1) is a bowl-shaped molecule, which has a rigid 
conformation as a result of restricted pseudo-rotation around the methylene 
groups in its nine-membered ring.2 Cyclotriveratrylene has been provided with 
long chains3a 'b and crown ethers,3c and has been coupled to a triazacrown 
ether3d-e and a diphenylglycoluril unit.3f Collet et al. have linked two cyclotrive-
ratrylene-units in such a way that the concave sides of these molecules face each 
other, resulting in a new class of compounds, the so-called "cryptophanes".2'4 
In this chapter we present two new ligand systems (2 and 3), which are de-
rived from a cyclotriveratrylene unit to which three triphenylphosphite ligands 
have been attached. Ligand 2 has short spacers between the CTV-unit and the 
phosphite groups, and is designed for binding a metal in such a way that the 
phosphite groups are forced to adapt equatorial positions at the metal center. The 
other ligand, 3, has long flexible spacers allowing the formation of a cavity after 
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coordination of the phosphites to the metal center. Ligands 2 and 3 have been 
used to synthesize rhodium(I) complexes. The properties of these complexes are 
described. 
7.2 Synthesis 
The synthetic routes to ligands 2 and 3 are depicted in Schemes 7.1 and 7.II, 
respectively. In 2 the phosphite ligands are linked to the cyclotriveratrylene-unit 
by means of a short methylene spacer. In 3 the connection is achieved with a long 
and more flexible Ш-СН2-С6Н4-СН2-О- group. For ligand system 2, the phenolic 
hydroxyl group of 4-hydroxybenzyl alcohol was first protected with an allyl func­
tion, after which the benzylic alcohol group was quantitatively converted into a 
benzylic chloride with thionyl chloride. This product was coupled to cyclotrigua-
iacylene5 (4) with K2CO3 in acetone, to give compound 5 in 28 % yield. 
Deprotection of the hydroxyl group yielded the trishydroxy compound 6 (33%). 
After reacting 6 with diphenylphosphochloridite and Et$N in CH2CI2 compound 
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Compounds 5 and 6 appeared to be unstable due to the acid lability of the 
benzyl aryl ether moieties, which were readily hydrolized. We assume that the 
relatively low yield of 5 an 6 is the result of hydrolysis during the column chro­
matographic purification of these compounds on silica. Other purification 
methods were investigated but failed. 
Compound 3 was built up from 4 directly (Scheme 7.II). Reaction of the 
latter compound with an excess of α,α'-dibromo-m-xylene in acetone with K2CO3 
as a base gave the tris(benzyl bromide) 7 (38 %). Using the same conditions 
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hydroquinone was coupled to 7 leading to the trishydroxy compound 8 in 47 % 
yield. Reaction of the latter product with diphenylphosphochloridite and EtaN in 
dichloromethane gave ligand system 3 (79 %). Compounds 2 and 3 were fully 
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7.3 Rhodium(l) Complexes 
The rhodium complexes 9 and 10-12 were prepared by addition of an 
equimolar amount of (acac)Rh(CC»2 (Hacac = acetylacetone) to a solution of the 
corresponding ligands in chloroform and subsequent stirring for 10 hours under 
an H 2 / C O atmosphere (P(H2/CO) = 10 arm., H2:CO=3:l v/v). Isolation of the 
complexes was possible by precipitation in hexane, but was accompanied with 
loss of CO. As a result no reproducible elemental analyses could be obtained. 
However, when the precipitates were redissolved and CO was bubbled through 
the solutions, complexes with the same properties as before were formed again. 
The spectroscopic properties of the complexes are summarized in Table 7.1. For 
comparison, in this Table also data for the reference compound НРч1гСО[Р(ОРЮз]з 
are included.6 The Rh center in this complex has a trigonal bipyramidal coordina­
tion sphere, with the phosphite-ligands lying in the equatorial plane. The 3 1 P 
NMR spectrum of HRhCO[P(OPh)3]3 in CDCI3 displays a single doublet at δ = 
138.7 (jRh-P = 239 Hz). In the high field region of the 1 H NMR spectrum hydride 
signal in the form of a doublet at δ = -10.59 (jRh-н = 3 Hz) is present, indicating 
that the ci's-P-H couplings are very small.6 '7 The 3 1 P p H ) NMR spectrum of 
complex 9 in CDCI3 (Figure 7.1a) is similar to that of HRhCO[P(OPh)3]3 and shows 
a single doublet. This doublet is broadened, probably as a result of the slight 
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Table 7.1. Spectroscopic data of the rhodium complexes 
31P-NMRb 
δ (ppm), [J R h .p, (Hz)] : 
1H-NMRC 
δ (ppm), [Jph-H. (Hz)] : 
103Rh-NMR d 















a: 140.2 [238] 
b: 140.0 [239] 
a:-10.63 [-3] 
b:-10.72 [-3] 
a: -1262 [238] 










 From ref. 4. b At 298 K, in CDCI3 , referenced to external ОР(ОМе)з. c Hydride signal at 298 K, in 
CDCI3 , referenced to TMS. d At 298 K, in CDCI3. referenced to Ξ (1 0 3Rh) = 3.16 MHz, adopting the 
sign convention that shifts to high frequency are positive. θ In KBr. 
inequivalence of the phosphorus atoms, caused by the shortness of the spacers. 
The signal of the hydride in the high field region of the гН NMR spectrum is also 
broadened (Figure 7.1b). The resemblance of the spectra indicates that 9 and the 
reference compound have similar geometries. We assume that as a consequence 








Figure 7.1. The згРІгН) NMR spectrum (a) and the high field region of the гН NMR spectrum 
(b) of compound 9. 
of the strain in 9 the phosphite ligands are slightly pulled out of the trigonal 
plane, enabling some P-Η coupling to occur.6 This distortion of the trigonal 
по 
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bipyrimidal conformation is also expressed by the weakening of the Rh-H bond 
(IR: ν = 2001 cm-1). 
The 3 1 P{ l H) NMR spectrum of the rhodium carbonylhydride complex of 3 
in CDCI3 displays a set of resonances, of which the intensity ratio changes with 
concentration (Figure 7.2). We ascribe the complexity of the signals to the occur­
rence of three different species. In relatively concentrated solutions (approxi­
mately 2 mM) a polymeric form (11) dominates, which is characterized by a broad 
- ι 1 1 — 
142 140 138 
a 
ppm 
- ι 1 1 — 1 1 1 
142 140 138 142 140 138 
ppm ppm 
b С 
Figure 7.2. The 31РІгН) NMR spectra of the Rhd) complexes of 3. Concentration: 2 
mM (a), 1 mM (b) and 0.5 mM (c). 
band at 139.5 ppm. The sharp doublet at 139.7 ppm is attributed to a dimeric 
species (12). The intensity of the signals of both 11 and 12 decrease upon dilution. 
At low concentrations (approximately 0.5 mM), only doublets at 140.0 ppm and 
140.2 ppm remain. We believe that these doublets originate from the monomeric 
complex 10. In 10 the spacer groups are sufficiently long to allow a crossed 
arrangement of the chains connecting the rhodium center and the cyclotrivera-
trylene unit. This induces an additional dissymmetry in the molecule. As we 
started from a racemic mixture of cyclotriveratrylene molecules the formation of 
10 leads to two pairs of enantiomers (10a and b) and as a result to two doublets in 
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the 31P NMR spectrum. Another indication for the occurrence of diastereomers is 
found in the 1H NMR spectrum of the complex, viz. an asymmetric pattern for 
the signal of the methoxy groups and complex signals for the benzylic protons. To 
support the existence of two diastereomeric complexes we carried out 1 0 3 Rh 
NMR measurements. The data were obtained by REVERSE 2D, lH-1 0 3Rh spec-
troscopy.8 The concentration was taken such, that only compound 10 was present 
(ca. 0.4 mM). The 1 0 3 Rh NMR spectrum of the reference compound 
HRhCO[P(OPh)3]3 showed a quartet at δ = -1258 (jRh-p = 239 Hz). The lH- 1 0 3 Rh 2D 
spectrum of 10 revealed two partially overlapping Rh-signals, proving the pre-
1 
CsS 








Figure 7.3. The 2О-3Н-303/Уі NMR spectrum of a solution of com­
pounds 10a and b. 
sence of two different complexes. A quartet pattern is visible of which the outer 
parts are hidden in the noise as a result of the low concentration (Figure 7.3). The 
distribution of the intensity of the cross peaks possibly implies that the signs of 
the Rh-H couplings in the two pairs of enantiomers are opposite. As the signal 
pattern in the 3 1 P NMR spectrum is very simple (vide supra), the splitting of the 
Rh signal can not be a consequence of an additional Rh-P coupling due to the 
inequivalence of the phosphorus atoms in the twisted molecules. Moreover, the 
jRh-P of the two diastereomers 10a and 10b are significantly different (Table 7.1). 
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The energy of activation to interconvert the two twisted forms of 10 is expected to 
be considerable, because an extensive conformational change is required, as CPK-
models show. 
7.4 Variable Temperature NMR Experiments 
The 31P NMR signals of both 9 and 10 shift when the temperature is varied 
(Figure 7.4), suggesting that in solution two additional forms of complexes exist 
which are in rapid equilibrium.9 One form, characterized by 5max/ is in excess at 
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Figure 7.4. Temperature dependence of the 3 I P NMR signals of complexes 9 and 10. 
The filled circles (») are the experimental data points, the lines are obtained by cal­
culation. 
We propose that these two forms differ in the way the H-Rh-CO dipole is 
oriented with respect to the cyclotriveratrylene framework (Shown for 10 in 
Figure 7.5). Both the metal complex part and the CTV unit are strongly polarized. 
Consequently, their dipoles can align or oppose. The equilibrium constant for the 
process of interconversion at a certain temperature is given by the expression: 
_ ; ?..·>. | 
:
 TT 
i . . . . . i . 
tob -
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. . i . . ._ ^ 
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Evaluation of the temperature dependence of this equilibrium constant by 
fitting the data to the Arrhenius equation yielded the thermodynamic parameters 
listed in Table 7.II. These results may be explained as follows. At low tempera-
Figure 7.5. Schematic representation of the orientations of the dipoles originating 
from the metal complex part and the CTV-subunit in compound 10. 
tures the dipoles of the cycìotriveratrylene unit and the Rh-complex align, with 
the hydride ligand pointing away from the cavity (Figure 7.5). The total dipole 
moment causes a high degree of organization of the solvent molecules [ц(СНСІз) 
= 1.05 D]. At high temperature the H-Rh-CO dipole inverts, the total dipole 
moment becomes smaller, and as a result solvents molecules are released. This 
could explain the high positive value of AS. 


















To check this explanation we determined the dipole moments of 
HRhCO[P(OPh>3]3 and cycìotriveratrylene (1) separately. They amounted to 2.42 
(±0.12) D (tetrachloromethane) and 2.80 (±0.20) D (benzene), respectively. The 
dipole moment of 1 was also calculated,10 giving μ = 3.2 D. The fact that the expe­
rimentally determined value is smaller than the calculated one may be ascribed 
to interactions with the benzene solvent molecules.11 From these results we may 
conclude that the high measured values of ΔΗ for 9 and 10 are not due to Dure 
Kcq 
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dipole-dipole interactions, as this would imply a distance between the dipoles in 
the range of 3.1 - 3.3 Â. In 9 and 10 these distances are probably larger, viz. in the 
range of ~5 Â (CPK-model inspection). The high values can, however, be under-
stood if dipole-induced-dipole interactions between the permanent dipoles and 
the highly polarizable aromatic rings of the ligand systems exist.12 
7.5 Complexation Experiments 
It is known that cryptophanes can strongly bind tetrahedral substrates such 
as chloroform, isobutane and tetramethylammonium ions.2 The binding is 
explained in terms of Van der Waals interactions and cation-π interactions.4 '1 3 
Despite the structural analogy between the larger cryptophane-E1 and com­
plex 9 no binding of chloroform or toluene molecules was observed by the latter 
compound as proven by NMR experiments. Also in the case of 10 no binding was 
measured. Apparently, the energy barrier to untwist the folded conformation of 
this metallohost to produce an open cavity is too high. 
7.6 Conclusions 
We have shown that CTV can act as a template to construct rigid chelating 
ligand systems with a trigonal coordination symmetry. The complex prepared 
from the ligand system with long flexible spacers does not bind substrate 
molecules probably, because it is entropically more favorable to fill up the cavity 
by twisting the spacer-arms. The fixation of two relatively strong dipolar moieties 
in close proximity to one another as in 9 and 10 gives rise to molecules with 
interesting conformational properties. 
7.7 Experimental Section 
General. Unless indicated otherwise, commercial materials were used as 
received. Hexane and toluene were distilled under nitrogen atmosphere from 
sodium. Dichloromethane and tetrahydrofurane were distilled from L1AIH4, 
chloroform and chloroform-d6 were distilled from phosphoruspentoxide. All 
solvents were stored on molecular sieves under an inert atmosphere. ' H NMR 
spectra were recorded on Bruker WH-90, Bruker AC-100, Bruker WM-200 and 
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Bruker AM-400 instruments. Chemical shifts (δ) are reported in ppm downfield 
from internal (СНз^Бі. Abbreviations used are s = singlet, d = doublet, t = triplet, 
q = quartet, m = multiplet, and br = broad. 3 1 P NMR spectra were recorded on 
Bruker WM-200 and Bruker AM-400 instruments. Chemical shifts (δ) are 
reported in ppm downfield from external ОР(ОМе)з. The WM-200 apparatus was 
calibrated for the temperature with methanol according the protocol of van 
Geeth. 1 4 The 1 0 3 R h NMR spectra were recorded on a Bruker AC-100 instrument 
with 'reverse' modification. Chemical shifts are reported in ppm relative to Ξ 
3.16 MHz, negative values to low frequency. FAB mass spectra were recorded on a 
VG 7070E instrument, the matrix used was m-nitrobenzylalcohol. Elemental 
analyses were determined with a Carlo Erba Ea 1108 instrument. Dipole moments 
were determined on a WTW Dipolmeter, type DM 01. IR spectra were recorded 
on a Perkin Elmer IRFT spectrometer 1720-X. For column chromatography Merck 
Silica Gel (60H) was used and for thin layer chromatography Merck Silica Gel 60 
F254 plates were employed. 
Cyclotriveratrylene (1). This compound was synthesized according to a lite­
rature procedure.1 5 
4-Allyloxybenzyl alcohol. A mixture of 6 g (0.05 mol) of 4-hydroxybenzyl 
alcohol, 9 mL (0.10 mol) of allyl bromide and 12 g of K2CO3 in 300 ml of acetone 
was refluxed overnight. The solvent was removed under reduced pressure, water 
was added, and the product was extracted with CH2CI2. The organic layer was 
washed with an 0.5N aqueous NaOH solution (2x), with water (2x), dried 
(MgSC*4) and evaporated to dryness under reduced pressure. Yield 7.8 g (98%) of 
product as a light yellow oil: Ш NMR (90 MHz, CDCI3) δ 7.30 (d, 2H, ArH, J=8 Hz), 
6.88 (d, 2H, ArH, J=8 Hz), 6.33-5.84 (m, IH, OCH 2CH =CH 2), 5.55-5.17 (m, 2H, 
OCH2H=CH2), 4.62 (d, 2H, HO-CH2-Ar, J=6 Hz), 4.60-4.44 (m, 2H, OCH2-CH=CH2), 
1.64 (dd, IH, HO-CH2-Ar, J=5 Hz and J=6.4 Hz). The crude product was used 
without further purification. 
4-Allyloxybenzyl chloride. To a cooled solution (0 °C) of 2.5 g (15 mmol) of 4-
allyloxybenzyl alcohol in 125 mL of dichloromethane was added over a period of 
30 min 2.5 g (21 mmol) of thionyl chloride in 125 mL of dichloromethane. The 
mixture was subsequently stirred at room temperature for 1 h. and evaporated to 
dryness under reduced pressure giving 2.7 g (100%) of 4-allyloxybenzyl chloride as 
a yellow oil: Ш NMR (90 MHz, CDCI3) δ 7.32 (d, 2H, ArH, J=8 Hz), 6.88 (d, 2H, 
ArH, J=8 Hz), 6.33-5.84 (m, IH, OCH2CH=CH2), 5.55-5.17 (m, 2H, OCH 2H=CH 2), 
4.57 (s, 2H, CH2-Ar, J=6 Hz), 4.60-4.44 (m, 2H, OCH2-CH=CH2). 
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10,15-Dihydro-2,7,12 (or 3,8,13)-trimethoxy-3,8,13 (or 2,7,12)-tris(4-allyloxy-
benzyloxy)-5H -tribenzo[a,d,£]cyclononene (rac-5). A mixture of 1.6 g (3.9 mmol) 
of cyclo triguaiacylene (4), 2.8 g (15.3 mmol) of 4-allyloxybenzyl chloride, 2 g of 
potassium carbonate, and a catalytic amount of potassium iodide in 200 mL of 
acetone was refluxed for 18 hrs. The solvent was evaporated, 150 mL of water was 
added, and the resulting suspension was extracted with CH2CI2 (2x). The organic 
layer was washed with water (2x), dried (MgS04), and evaporated to dryness. The 
resulting oil was purified by column chromatography (silica, eluent: CH2CI2), re­
sulting in 0.92 g (28%) of 5 as a white foam: Ή NMR (90 MHz, CDCI3) δ 7.30 (d, 
6Η, ArH, J=8 Hz), 6.90 (s, 3H, ArH CTV), 6.88 (d, 6H, ArH, J=8 Hz), 6.66 (s, 3H, ArH 
CTV), 6.33-5.83 (m, 3H, OCH2CH=CH2), 5.55-5.17 (m, 6Н, ОСН2Н=СН2), 5.02 (s, 6Н, 
АгСН2), 4.60 (d, ЗН, Н а х CTV, J=14 Hz), 4.55-4.45 (m, 6Н, ОСН2-СН=СН2), 3.69 (s, 
9Н, ОСНз), 3.40 (d, ЗН, H«, CTV, J=14 Hz). 
10,15-Dihydro-2,7,12 (or 3,8,13)-trimethoxy-3,8,13 (or 2,7,12)-tris(4-hydroxy-
benzyloxy)-5H-tribenzo[a,d,£]cyclononene (rac-6). A solution of 0.46 g (0.5 mmol) 
of 5, 0.26 g of triethylammonium formate (TEAF), and a catalytic amount of 
palladium(II) acetate and triphenylphosphine in a mixture of 7 mL of acetonitrile 
and 2 mL of water was refluxed for 2.5 h. under strict exclusion of air. The solvent 
was removed under reduced pressure, water was added and the product was 
extracted with CH2CI2. The organic layer was washed twice with water, dried 
(MgSC>4), and evaporated to dryness. The product was purified by column chro-
matography (silica, eluent: СНСІз-МеОН = 95:5 v/v), giving 126 mg of 6 as a 
white crystalline solid: Ш NMR (90 MHz, CDCI3) δ 7.12 (d, 6H, ArH, J=8 Hz), 6.90 
(s, 3H, ArH CTV), 6.88 (d, 6H, ArH, J=8 Hz), 6.60 (s, 3H, ArH CTV), 5.02 (s, 6H, 
ArCH2), 4.76 (d, 3H, H a x CTV, J=14 Hz), 4.52-4.20 (b, 3H, -OH), 3.75 (s, 9H, -OCH3), 
3.49 (d, 3H, H
e q CTV, J=14 Hz). 
10,15-Dihydro-2,7,12 (or 3,8,13)-trimethoxy-3,8,13 ( or 2,7,12)-tris[4-(diphenyl-
phosphito)benzyl-oxy]-5H-tribenzo[a,d,£]cyclononene (rac-2). Under an inert at­
mosphere 0.3 mL (1.3 mmol) of diphenylphosphochloridite was added to a solu­
tion of 126 mg (0.17 mmol) of 6 and 0.2 mL (1.3 mmol) of triethylamine in 10 mL 
of CH2CI2. The mixture was refluxed for 1 h., after which its volume was reduced 
to 2 mL. This concentrated mixture was added slowly to 25 mL of dry hexane. 
This resulted in a precipitate which was filtered off, washed with hexane, dried 
under vacuum, and redissolved in 15 mL of chloroform. This solution was 
washed twice with water, dried (MgSC»4), and evaporated, yielding 180 mg (76%) 
of 2 as a white foam: Ш NMR (200 MHz, CDCI3) δ 7.38-7.11 (m, 42H, ArH), 6.85 (s, 
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ЗН, АгН CTV), 6.72 (s, ЗН, АгН СТ ), 5.03 (s, 6Н, АгСН2), 4.69 (d, ЗН, Н а х СТ , 
J=14 Hz), 3.79 (s, 9Н, -ОСН3), 3.46 (d, ЗН, H e q CTV, J=14 Hz); 31p NMR (80 MHz, 
CDCI3) 6 125.6; FAB MS m/z 1372 (M-H)+; Anal. Caled, for С 8 іН 6 9 Оі5Рз: С 70.74, 
Η 5.06; Found: С 70.76, Η 5.04 %. 
10,15-Dihydro-2,7,12 (or 3,8,13)-trimethoxy-3,8,13 (or 2,7,12)-tris(3-bromo-
methylbenzyloxy)-5H -tribenzo[«,d,^]cyclononene (rac-7). A solution of 1 g (2.5 
mmol) of cyclotriguaiacylene (4) in 50 mL of acetone was added to a solution of 6 
g (23 mmol) of α,α'-dibromo-m-xylene and 5 g of potassium carbonate in 100 mL 
of acetone. After stirring for 20 hrs. and subsequently refluxing for 6 hrs. the sol­
vent was evaporated. The resulting solid was boiled in hexane for 5 min., filtered 
off while hot, and subsequently extracted with CH2CI2· After evaporation of the 
solvent the product was purified by column chromatography (silica, eluent: 
CH2CI2), giving 0.89 g (38%) of white 7: Ш NMR (90 MHz, CDCI3) δ 7.42 (s, ЗН, 
АгН), 7.33 (s, 9Н, АгН), 6.82 (s, ЗН, АгН СТ ), 6.68 (s, ЗН, АгН СТ ), 5.08 (s, 6Н, 
АгСН2), 4.70 (d, ЗН, Н а х CTV, J=14 Hz), 4.46 (s, 6H, ArCH2Br), 3.71 (s, 9H, OCH3), 
3.46 (d, 3H, H«, CTV, J=14 Hz). 
10,15 - Dihydro-2,7,12 (or 3,8,13) - trimethoxy -3,8,13 (or 2,7,12) - tris [3-(4-hy-
droxyphenyloxy) methylbenzyloxy]-5H-tribenzo[a,d,£]cyclononene (rac-8). То a 
refluxing mixture of 250 mL of acetone containing 5 g (45 mmol) of hydro-
quinone, 3 g of potassium carbonate, and a small amount of Na2S204 to prevent 
oxidation, was added a solution of 0.8 g ( 0.84 mmol) of 7 in 50 mL of acetone. 
After refluxing for 15 hrs. the solution was neutralized with aqueous 2N HCl and 
evaporated to dryness. Water (150 mL) was added and the resulting suspension 
was extracted twice with CH2CI2. The organic layer was washed with water (2x), 
dried (MgSC>4), and evaporated to dryness. The resulting product was purified by 
column chromatography (silica, eluent: СНСІз/МеОН = 95.5:0.5 v/v) to yield 0.41 
g (47%) of 8 as white crystals: mp. 63-65 °C; Ή NMR (90 MHz, CDCI3) δ 7.46 (s, ЗН, 
АгН), 7.34 (s, 9Н, АгН), 6.92-6.53 (m, 18Н, АгН), 5.10 (s, 6Н, СТ -ОСН2Аг), 4.96 (s, 
6Н, АгСН2ОАг), 4.71 (s, ЗН, АгОН), 4.72 (d, ЗН, Н а х СТ , 1=14 Hz), 3.64 (s, 9Н, 
ОСНз), 3.44 (d, ЗН, Hgq CTV, J=14 Hz); FAB-MS m/z 1045 (M+H)+. 
10,15-Dihydro-2,7,12 (or 3,8,13)-trimethoxy-3,8,13 (or 2,7,12)-tris[3-(4-di-phe-
nylphosphitophenyloxy)methylbenzyloxy]-5H-tribenzo[rt,d,j]cyclononene (rac-3). 
This compound was prepared according to the same procedure as described for 
compound 2 using 0.2 g (0.19 mmol) of 8, 0.2 mL (4.3 mmol) of triethylamine, and 
0.3 mL (4.3 mmol) of diphenylphosphochloridite in 10 mL of CH2CI2. Yield 0.25 g 
(79%) of 3 as a white foam: *H NMR (200 MHz, CDCI3) δ 7.46-6.66 (m, 60Η, АгН), 
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5.09 (s, 6H, СТ -ОСН2Аг), 4.99 (s, 6H, ArCH2OAr), 4.66 (d, 3H, H a x , J=14 Hz), 3.69 
(s, 9H, OCH3), 3.42 (d, 3H, H
e q , J=14 Hz); 3lp NMR (80 MHz, CDCI3) δ 125.9; FAB-
MS m/z 1693 (M+H)+; Anal. Caled, for Сю 2Н 8 7Оі8Рз-Н 20: С 71.57, Η 5.24; Found: 
С 71.55, Η 5.21 %. 
Complex 9. A solution of 112 mg (81 μπιοί) of 2 and 21 mg (βΐμπιοί) of 
(acac)Rh(CO)2 in 5 mL of CHCI3 and a very small amount of Р(ОРп)з was stirred 
for 14 hrs. under a H2/CO-atmosphere (10 bar, H 2 /CO=3/l). The reaction mixture 
was concentrated to 2 mL and slowly added to 20 mL of hexane. The resulting 
precipitate was filtered off yielding 75 mg of a yellowish powder: г Н NMR (200 
MHz, CDCI3) δ 7.5-6.3 (m br, 48H, ArH), 5.2-4.35 (br, 9H, ArCH2, H a x CTV), 3.9-3.1 
(br, 12H, ОСН3, H
e q CTV), -10.59 (d, IH, Rh-H (J R h . H = -2 Hz); 3ip NMR (80 MHz, 
CDCI3) δ 138.6 (d, jRh-p = 239 Hz). No satisfying elemental analysis could be 
obtained for this product (see text). 
Complexes 10, 11 and 12. For the preparation of these complexes the same 
procedure was followed as described for compound 9 using 107 mg (63 μπιοί) of 3 
and 16.3 mg (63 μιηοΐ) of (acac)Rh(CO)2- Yield 87 mg (75%) of a yellowish powder: 
lH NMR (200 MHz, CDCI3) δ 7.6-6.4 (m, 60H, ArH), 5.4-4.4 (m br, 15H, CTV-
OCH2Ar, ArCH2OAr, H a x CVT), 4.9-3.2 (m br, 12H, OCH3, H e q CTV), -10.63, -10.72 
and -10.74 (br) (d, IH, Rh-H (JRh-H = ~3 Hz) (see text); 31p NMR (80 MHz, CDCI3) δ 
(10) 140.2 (d, JRh-p = 238 Hz) and 140.0 (d, J R h . P = 239 Hz), (11) 139.5(br) (d, J R h . P = 
239 Hz) (see text), (12) 139.7 (d, JR h-p = 239 Hz); ™3Rh NMR (3.6 MHz, CDCI3) δ 
(10a) -1262 (q, J R h . P = 238 Hz), (10b) -1259 (q, JRH-P = 239 Hz). 
1 0 3 R h NMR measurements. The spectra were recorded on a Bruker AC100 
spectrometer equipped with a 10-mm 1 0 3Rh-{3 1P, Ш} probe, a second PTS 160 syn­
thesizer provided with a 90° phase shifter, a B-SV 3 heteronucleus decoupling 
unit with a selective 1 0 3 R h amplifier, and a B-VT 1000 temperature control unit 
(±1 °C). The 1 0 3 R h NMR signals were obtained indirectly by using the 2-D 
REVERSE-INEPT technique, giving the 1 0 3 R h chemical shift and the coupling 
constant to phosphorus in the Fl dimension and the δθΗ) and JRh-H in the F2 
dimension. 8 
Dipole moment measurements. Dipole moments were determined by mea­
suring the dielectric constant and refractive index of a series of diluted solutions 
containing varying concentrations of CTV or complex. From these data the 
dipole moment could be obtained following the procedure of Guggenheim and 
Smith. 1 6 The dipole meter was first calibrated with thoroughly purified cyclo-
hexane, tetrachloromethane, benzene and dibutyl ether.1 7 The dipole moment of 
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HRh(CO)[P(OPh)3l3 was determined in tetrachloromethane and that of cyclotrive-
ratrylene in benzene. 
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120 Summary 
Summary 
One of the main topics in current chemistry is the achievement of high 
selectivity in catalytic conversions. The most powerful and selective catalysts 
known are the enzymes. They contain a cavity or a cleft in which a substrate can 
be bound. This substrate is subsequently converted at a nearby catalytically active 
center. The cavity is formed by the specific tertiary structure of the enzyme. 
Recent developments in the field of supramolecular chemistry have opened 
up perspectives to design catalysts modeled upon the functioning of enzymes. 
Such a supramolecular catalyst must satisfy the following conditions: (¿) contain a 
cavity with binding sites, that recognizes the substrate selectively, (fi) have a 
nearby catalytic center that can convert the bound substrate and finally (in) the 
catalyst should be able to release the product and be able to be regenerated effi-
ciently. In this thesis an approach to such supramolecular catalytic systems is 
described by combining a cavity-containing molecule and a catalytically active 
rhodium(I) complex. 
^°<>°-\ R. — ^ i - \ .
 ч X R 
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Earlier work in our group has shown that the basket-shaped receptor 
molecule 1 can bind dihydroxybenzene guest molecules by hydrogen bonding and 
π-π-stacking interactions. This compound was functionalized with triarylphos-
phite ligands which can hold a metal center. By ligand exchange reactions 
rhodium diketonate complexes were immobilized above the cavity of 1. Reaction 
of the latter compounds with hydrogen and carbon monoxide led to the forma­
tion of rhodium hydride and -carbonylhydride complexes. The properties and 
conformational behavior of these metallohosts in solution were examined by 
NMR and computer modeling studies. 
In order to obtain more detailed information about the functioning of these 
metallohosts as catalysts we first carried out a study on a reference complex 
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without a receptor moiety, viz. [НШі[Р(ОРгі)э]4]. The features of this complex as a 
hydrogénation and isomerization catalyst for 1-hexene and allylbenzene were 
examined. 
The combination of [HRh[P(OPh>3]4] and receptor 1 resulted in a selective 
hydrogénation and isomerization catalyst for allyl substituted dihydroxyarene 
substrates. It was found that the conversion of bound substrates was accelerated 
by the supramolecular catalyst, whereas that of a non-bound substrates was 
delayed. Furthermore, features known from enzymatic catalysis, e.g. Michaelis-
Menten kinetics, inhibition, and (non-allosteric) cooperative binding were 
observed. 
The ability of enzymes to convert a substrate enantio- and stereoselective^ 
depends to a large extent on the binding process. A first step toward enantioselec-
tive supramolecular catalysts was made by the synthesis of chiral derivatives of 
compound 1. 
Finally, another type of concave molecule, viz. cyclotriveratrylene was 
applied to immobilize rhodium(I) complexes. The resulting metallo-cages have 
interesting conformational properties as was demonstrated by NMR studies, but 
they do not bind substrate molecules. 
Samenvatting 
Eén van de belangrijkste aandachtspunten in de chemie van tegenwoordig 
is het streven naar een hoge selektiviteit bij katalytische omzettingen. De meest 
aktieve en selektieve katalysatoren zijn de enzymen. Zij bevatten een holte of 
een gleuf waarin een substraat gebonden kan worden. Vervolgens wordt het sub-
straat omgezet door een katalytisch actief centrum, dat zich in de nabijheid van 
de bindingsplaats bevindt. De holte is het gevolg van de specifieke tertiaire struk-
tuur van het enzym. 
De huidige ontwikkelingen op het gebied van de supramolekulaire chemie 
bieden de mogelijkheid om katalysatoren te ontwerpen, die functioneren naar 
voorbeeld van enzymen. Een dergelijke supramolekulaire katalysator moet aan 
de volgende voorwaarden voldoen: (i) hij moet een holte bevatten met bin-
dingsplaatsen, die selektief het substraat kan herkennen, (ii) in de nabijheid dient 
zich een katalytisch actief centrum te bevinden, dat het gebonden substraat kan 
omzetten, en tenslotte (Ui) de katalysator moet het gevormde produkt weer los 
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kunnen laten en gemakkelijk geregenereerd kunnen worden. In dit proefschrift 
wordt een aanzet gegeven tot een dergelijk supramolekulair systeem door een 
holte bevattend molekuul te combineren met een katalytisch aktief rhodium(I) 
complex. 
R-N O * Τ >=0 N-R 
{ N i N ) 
Eerder werk in onze groep heeft aangetoond dat het mandvormige recep-
tormolekuul 1 in staat is om dihydroxybenzeenmolekulen te binden d.m.v. de 
vorming van waterstofbruggen en π-π-stapelingsinteracties. Deze verbinding 
werd voorzien van triarylfosfietliganden, die aan een metaal kunnen complex­
eren. Door uitwisselingsreakties werden boven de holte van 1 rhodiumdiketo-
naatcomplexen geïmmobiliseerd. Deze verbindingen reageerden met waterstof 
en koolmonoxide tot rhodiumhydride en -carbonylhydride complexen. De eigen-
schappen en het conformationele gedrag van deze zg. metallohostmolekulen 
werden bestudeerd m.b.v. NMR-experimenten en computerberekeningen. 
Om een beter inzicht te krijgen in de katalytische werking van deze metaal-
gefunctionaliseerde gastheermolekulen werd eerst een onderzoek gedaan aan 
een referentie-complex zonder substraatbindende eenheid, nl. [HRh[P(OPh)3]4]. 
De kenmerken van dit complex als hydrogenerings- en isomerisatiekatalysator 
werden bestudeerd met 1-hexeen en allylbenzeen als substraten. 
De combinatie van [НШ\[Р(ОРЬ)з]4] en receptor 1 leverde een hydroge­
nerings- en isomerisatiekatalysator op, die selectief was voor allyl-gesubstitueerde 
dihydroxyareensubstraten. De omzetting van de gebonden substraten bleek te 
worden versneld, terwijl die van de niet-bindende substraten vertraagd werd. 
Voorts bleek het systeem enkele eigenschappen te bezitten, die karakteristiek zijn 
voor enzymatische katalyse, zoals michaelis-mentenkinetiek, inhibitie en (niet-
allosterische) coöperatieve binding. 
Het vermogen van enzymen om een substraat enantio- en stereoselektief 
om te zetten, hangt in grote mate af van het bindingsproces. Een eerste stap in de 
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richting van enantioselektieve supramolekulaire katalyse werd gezet met de syn-
these van een chiraal derivaat van verbinding 1. 
Ten slotte werden ook rhodium(I) complexen geïmmobiliseerd boven een 
ander soort concaaf molekuul, nl. cyclotriveratryleen. De zo verkregen metaal-
bevattende kooiverbindingen hadden weliswaar interessante conformationele 
eigenschappen, zoals aangetoond werd met NMR-experimenten, maar bleken 
geen substraatmolekulen te kunnen binden. 
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